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Summary  
Ozone (O3), a gas that is well known for its oxidant properties, has drastically 
incremented its amount in the troposphere in the last decenniums. Considering that 
high O3 concentration is well-known to be hazardous for the human health 
(especially for the respiratory system), the development of valid strategies to detect 
it appears an urgent need. 
The analytical techniques available in the market for measuring O3 are 
expensive and they require expert technicians (e.g. spectroscopic UV adsorption). 
For this reason, cheap alternatives have been investigated for online measurement 
of O3. Among them, chemical gas sensors exhibit a great potential because they are 
cost-effective, easy to use, stable in time, reliable and integrable in portable 
electronics.  
The features of a gas sensor could save human health and the environment 
respectively from diseases and disasters, controlling continuously the air pollution. 
For this reason, human generation is intimately related to the potential of gas 
sensors. 
The aim of this PhD thesis is the investigation of innovative materials to 
produce gas sensors able to detect O3 and the main interfering gases: humidity, 
ammonia and nitrogen dioxide. To reach this goal, chemical sensors were realized 
by techniques like screen printing and dip coating. The sensitive materials were 
successfully obtained by different synthesis methods (i.e. hydrothermal synthesis 
and auto-combustion sol-gel route) and fully characterized. In this way, an 
understanding of the relations between the structural characteristics of the materials 
and the gas sensing phenomena was accomplished. The proposed sensitive 
materials can find application in an array of sensors able to distinguish the presence 
of O3 in a real environment. 
This PhD thesis is composed by 7 parts that here are explained more in details 
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In the chapter 1 the issues related to O3 in troposphere are described in detail, 
including the effect on the human health and the recommended threshold limit 
values. 
Chapter 2 discusses the gas sensors principles that are depicted with a special 
focus on Semiconducting Metal Oxide (SMOx) and carbon-based sensors. 
Advantages and disadvantages of both types of gas sensing systems are elucidated, 
and a preminary presentation of the material selected in this work is given.  
Chapter 3 reports the technologies for chemical sensor preparation and the 
principles of the instruments used for materials characterization. 
In chapter 4 results of O3 tests achieved firstly with BaFe12O19 thick films, 
synthetized by auto-combustion sol gel method and innovative spray-coated 
detectors based on functionalized single-walled CNTs by covalent modification 
with octadecylamine (ODA).  
In chapter 5, the best results among O3 sensors were presented by using n-type 
indium oxide (In2O3): a commercial In2O3 powder was doped with different 
contents of tungsten trioxide (WO3) by impregnation method to enhance its sensing 
capability. With the aim to diminish the size of crystallitea and agglomerates and 
to enhance the specific surface area of the nano-powder, In2O3 and WO3 doped-
In2O3 were synthetized by hydrothermal synthesis and used as O3 sensitive 
materials working close to room temperature. Moreover, DRIFT (Diffuse 
Reflectance Infrared Fourier Transform spectroscopy) analysis were performed on 
In2O3 and WO3 doped-In2O3 for understanding which species are generated during 
the interaction of the metal oxide in oxidant atmospheres like NO2 and O3. 
The main drawback of SMOx sensors is the modest selectivity. For this reason, 
in chapter 6 novel solutions for the monitoring of humidityare described. For 
humidity mesurements, three different biochars were used for the first time: SWP-
Softwood pellets, OSR-Oil Seed Rape and WCG-waste coffee ground.  
Finally, the final chapter 7 displays the results of sensors realized for N-based 
interferences: ammonia and nitrogen dioxide. For ammonia detection, a spinel type 
Co3O4 realized by auto-combustion sol-gel route was utilized, whereas different 
ZnO-based screen-printed sensors were applied for the dection of NO2 at relatively 
low temperatures. 
This PhD work has been developed through relationships with various research 
groups: Carbon group directed by prof. Tagliaferro with the surpervision of dr. 
Pravin Jagadale, the groups of prof. Specchia and prof. Cauda in Politecnico di 
Torino. Moreover, international collaborations were fulfilled: the Weimar group in 
the University of Tübingen with the surpervision of Dr. Barsan, E. Bekyarova from 
Carbon Solutions company and K. Naishadam from Georgia Tech University. 
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Chapter 1 - Ozone 
Abstract 
In this first chapter, the main characteristics of ozone are described, as well as 
different methods to produce O3, with a special focus on those used in this thesis in 
order to perform ozone measurements (corona discharge and UV generation). The 
limitis of exposure connected with its toxicity are discussed, with the state of art of 
methods currently used to measure this oxidant gas in troposphere. 
  
1.1 Characteristics of ozone 
Ozone is a chemical compound with three oxygen atoms (O3 – triatomic 
oxygen), an extremely energetic form compared to the normal atmospheric 
biatomic oxygen (O2). In addition, the two forms have a different in structure, as 
depicted in Figure 1.  
 
  
Figure 1. Oxygen and ozone molecules [1]. 
 
O3 is one of the most significant gases in the atmosphere, and in the stratosphere 
(i.e. the layer between 15 and 50 km) it is essential due its ability to filter UV rays 
in the range 200-320 nm, with an aborption signal at 254 nm. This value is critical 
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for the preservation of biologic equilibrium inside the biosphere. In particular, the 
radiation of the sun in the range 200-290 nm is the most harmful to DNA [2]. 
As a result, the protective layer of stratospheric O3 impedes that highly energetic 
radiation to reach the surface of the earth, furnishing protection for terrestrial life 
and resulting in the well-known blue-colored sky. 
The main physical-chemical data of O3 are tabulated in the next Table 1. 
 
Table 1. Physical-chemical data for O3. 
PROPERTY VALUE 
CHEMICAL/PHYSICAL [3] 
Molecular formula O3 
Molar mass 47.998 g.mol-1 
Density 2.144 g.mL-1 (0°C) 
Melting point -195.5 
Boiling point -111.9 
Solubility in H2O 0.104 g/100 mL at 0°C 
Critical pressure 5460 kPa 
Critical temperature -12.1 at 0°C 
Half time in air 4-12 h 
Half time in water 1-20 min 
 
Furthermore, O3 is a 'secondary' pollutant generated from other species like 
volatile organic compounds (VOCs) and nitrogen oxides (NOx) under solar light. 
O3 concentrations usually are higher in areas with ere significant emissions of NOx 
and VOCs under high temperatures, elevated levels of solar radiation together with 
stagnant meteorological conditions. 
Its cycle in troposphere is depicted in Figure 2. 
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Figure 2. Ozone cycle in troposphere [4]. 
 
The O3 cycle is strictly linked to Global Warming process, since O3 amounts in 
troposphere results in higher concentrations of pollutants that are responsible of its 
presence at ground level. 
Moreover, O3 due to its high oxidizing potential is used in many applications 
like hospital operating rooms, in freshwater disinfection, process and cooling water, 
for sterilization in fish farms. Thus. It is utilized in deodorization, detoxification 
and disinfection of wastewater from industry [5]. For instance, in Western Europe 
95% of potable water is currently processed by O3. 
 
1.2 Production of ozone 
O3 is produced naturally by two main methods: 
➢ From electrical discharges following thunderstorms. O3 is formed 
due to electrical discharge, breacking an oxygen molecule (O2) into two 
separated atoms of oxygen. An O3 molecule is formed when the individual 
oxygen atoms combine with another oxygen molecule, as displayed in 
Figure 3. 
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Figure 3. Mechanism of production of ozone molecules [6]. 
➢ From ultraviolet rays coming from the sun, which generates and 
electrical discharge over oxygen molecules in the stratosphere. This 
generates the O3 layer, that absorbs most of the UV radiation of the sun.  
These two natural processes are exploited for industrial purposes. For its 
applications, O3 must be generated on site immediately before using because is 
inherently unstable. To this aim, even if a wide range of methods are now 
available to generate O3, only few of them appear practical for market 
applications. In fact, those technologies are corona discharge, ultraviolet 
andelectrolytic/electrochemical systems, adoptred in recent years. In this PhD 
thesis, corona was utilized for O3 measurements in University of Tubingen, while 
UV generator to perform O3 measurements in Politecnico di Torino. 
1.2.1 Corona Discharge Ozone Generation  
 
Nowadays, O3 generators based on corona discharge are the reference method 
of production in the major part of commercial applications in medium-large scale. 
They produce up to 10 wt% of O3 in a stream of feed gas [7]. The central criterion 
of operation is the production of a corona, that is an area of ionized gas, between a 
high tension (5 kV-20 kV) and a ground electrode. The separation is established 
by a dielectric, consisting in a ceramic or a glass, and a shrink air gap where the 
corona discharge is established [3].  
O2, diatomic oxygen, in air or concentrated in a stream, passes across the 
high-voltage of the discharge gap. In this place, a fraction of the O2 is divided into 
atomic oxygen (O). A portion of the as formed O reacts with O2 in the gas stream 
forming O3 that is the triatomic form of oxygen. One other fraction of the atomic 
oxygen can react with other atomic oxygen reforming molecular oxygen. 
In order to maintanin a corona, asignificant amount of heat is required. This 
must be pulled out to prevent thermal decomposition of O3 [3].  
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The feed gas must be cleaned by contaminants that could affect the generator’s 
performances [3]. In addition, its consumption is critical that moisture-like water 
vapour could be pulled out from the gas stream, since it exhibits two mains adverse 
consequences in the yeld of O3 generation. Firstly, the presence of humidity in the 
feed gas will drastically decrease the concentration of O3 produced. Secondly the 
formation of HNO3 can occur, which can corrode the dielectric materials and the 
electrodes inside the generator.  
For this reason, even in relatively dry environments, humidity could be enough 
to cause the problems previously described in air preparation in any commercial-
scale corona discharge generator. In order to remove moisture in ambient air, 
sorbents are utilized, or it is common to apply heating to the air for lowering the 
dew point [3]. Since the conditioning of feed gas is required in any case, many 
operators are employing gas preparation systems that furnish higher O2 amounts 
(more than 90%) producing higher quantity of O3 per unit of power.  
 
1.2.2 Cold plasma ozone generation 
 
In this method, a plasma generated by a dielectric barrier discharge interacts with 
pure O2. O2 is splitted into two oxygen atoms, that recombine in triplets forming 
O3. 
Pure O2 is used in cold plasma machines as the source producing a maximum 
percentage of around 5% of O3 They generate great amounts of O3, but they are not 
widely used because of their cost. 
The discharges are filamentary migration of electrons in a gap between two 
electrodes. A dielectric insulator is adopted for separating the electrodes preventing 
arcing phenomena. In some cases, cold plasma units can produce others short-lived 
allotropes of oxygen (e.g. O4, O5, O6, O7, etc).  
 
1.2.3 Ultraviolet Ozone Generators 
 
O3 generators employing UV radiation act on the analogous base as that working in 
the stratosphere to generate the ‘safety ozone layer’. O2 molecules absorb high 
frequency UV radiations (i.e. < 200 nm) and those are characterized by an adequate 
energy consumpt to rive the bonds between oxygen atoms. As previously seen with 
generators of corona-discharge, the as formed atomic oxygen reacts with molecular 
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oxygen to generate O3. This is easily accomplished by settling a quartz sleeve 
between the the air stream and the bulb. [7]. 
In the case of UV generators, the yield in ozone production is lower compared to 
the other two main methods of production, corona discharge and electrolytic 
generators. In fact, the O3 yield from a UV device is generally lower than 1 wt%. 
Despite those aspects concerning the yield, this kind of systems are not 
complicated, and they do not present an absolute demand for feed conditioning [7]. 
For these motivations, UV systems are useful for solutions at small-scale. Thus, this 
system was used for the major part of experiments in this PhD thesis, those carried 
out in Politecnico. 
 
1.2.4 Electrochemical ozone generators 
 
The creation of O3 using electrolytic methods has been recognized from the 
beginning of ozone generation processes [8]. 
Nevertheless, it has only been in the last 20 years that the right materials have been 
promoted for allowing a reliable and commerciable electrochemical generator. 
There are two general types of this technology, that are classified as Type-I and 
Type-II. In type-I generators, two not reactive electrodes are submerged in a 
lectrolytes solution, whose composition can be tailored to satisfy specific 
requirements [9]. In type-II generators, the electrolysis of water is exploited. A solid 
polymer electrolyte (SPE) is the proton exchange membrane (PEM) and Naphion-
117 is often utilized for this scope. PEM is coated on each side with catalysts able 
to form O3 [9]. 
Generally, PbO2 and Pt are used for anode and cathode for these kind of generators 
[10]. 
When high purity water passes above the anode of PbO2 at an adequately tension 
(i.e. higher than 1.51 V) and current density, O3 is developed in accordance with 
equation (1): 
 
3H2O + 6e- → O3 + 6H+    E0 =1.51 V   Eq. (1) 
 
H+ that is generated passes through the PEM and gains electrons at the cathode, 
generating H2, as in equation (2): 
 
2H+(aq) + 2e- → H2(g) E0=0.00V   Eq. (2) 
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High O3 concentrations (up to 47 wt%) can be produced by electrochemical O3 
without requiring feed gas infrastructure. [8]. 
Nowadays this technology is not as mature as the previous two and commercial 
reliability remains to be established, even if the O3 gas amounts generated are 
elevated and can lead to consistent mass transfer. Further, when the absolute O3 
generation is higher, H2 gas generation and consuption must be addressed. Despite 
this, some researchers recommend that H2 could be used in fuel cell devices as a 
combustible, hereby offsetting some of the expanses for disinfection [10]. 
 
1.2.5 Radiochemical Ozone Generation 
 
The last method for ozone production is the radiochemical generator. Radioactive 
rays that irradiate oxygen at high-energy can favor the ozone formationThis ozone 
peoduction procedure has not yet become a significant application in water 
treatment because of its entremely complicated process requirements, even though  
high thermodynamic yields are reached, and it has an intrigous use of waste fission 
isotopes.  
1.3 Toxicity of O3 
O3, is toxic above certain concentration thresholds as any oxidizing species. 
O3 gas present an odour threshold of around 0.02 mg⋅m-3, that is over toxic 
limits for work: light, medium and heavy. Nevertheless, desensitization can occur 
in some cases, constituting a serious risk for the human health [11]. 
The inhalation of O3 can be toxic for the pulmonary system and other apparatus. 
The symptoms of exposure of O3 depend on the amount and period of exposure. In 
fact, after short time exposure typical symtomps are headaches and dryness of the 
eyes, throat and nose. Moreover, ozone prolonged exposure can result in lassitude, 
tightness, retarded edema of lungs, or constriction in the breast and acid-mouth [11]. 
Coughing, tachycardia, vertigo, dyspnea, sensation of suffocation, decreased blood 
pressure, serious breast ache and general body pain can be proved as symptoms of 
severe exposures. The lung function can be suppressed in case of chronic exposures 
and trigger other respiratory dysfunctions like asthma. 
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When a patiemt is intoxicated by O3, he must be placed quickly in the supine 
position, thus inhaling humid oxygen and taking ascorbic acid, vitamin E and 
nacetylcysteine. 
1.4 Limits of ozone exposure 
Ozone can seriously harm people’s health if it is present in high concentration 
for its negative powerful oxidizion effect. This gas is often produced in everyday 
life, like in laser printers as well as by older generation photocopiers. The exposure 
in the range between 100 and 1000 ppb (parts per billion) results in headache, 
burning eyes, and irritation to the respiratory apparatus. A person staying in a place 
under 100 ppb of O3 environment for a period higher than two hours will suffer a 
decrease of 20% in breath capability, while if he/she remains under 1000 ppb of 
ozone for more than six hours, he/she will undergo a crisis of bronchitis. A rat 
maintained under 10 ppm of ozone is going to die in few minutes [12]. 
The O3 regulatory data in accordance with Air Quality Directive 2008/50/EC, are 
tabulated in Table 2, together with some effects on human health. This Directive 
set some thresholds for O3 concentrations at European level. 
Table 2. Ozone safety and regulatory data. 
REGULARITY/ SAFETY 
 90 ppbv information thresold (IT) 
 120 ppbv alert thresold (AT) 
 
60 ppbv long term objective (LTO) 
to protect human health 
Detectable odour 0.005-0.04 ppmv 
Health and safety limits (Italy) [13,7] 0.2 ppmv for maximum period of 2 h 
 
0.1 ppmv TWA (8h, 5d/w) for light 
work 
 
0.08 ppmv TWA (8h, 5d/w) for 
moderate work 
 
0.05 ppmv TWA (8h, 5d/w) for 
heavy work 
Dry cough, lung irritation, chest pain, severe 
fatigue 600-1000 ppbv over 1-2 h 
Immediately dangerous for life and health 
(IDLH) 5 ppmv 
Expected to be fatal 50 ppmv 
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Several standards for the protection of human health from pollution by O3 have 
been defined by the European Union (EU). They includ four parameters: 
information threshold, alert threshold, long-term objective (LTO) and the target 
value [14]. 
The first standard, information threshold (IT), is defined as one-hour mean O3 
level of 180 μg/m3 (90 ppb) and an obligation is triggered with the aim to inform 
the population on possible associated risks. 
The second parameter, the alert threshold (AT), is triggered when 1-hour 
average level of ozone overcames 240 μg/m3 (120 ppb) and necessitates cities to 
take actions immediately. 
The third one is the long-term objective (LTO), i.e. the highest 8-hour average 
in a day level of O3 should not surpass 120 μg/m3 (60 ppb). 
The last value is the Target Value (TV) that should not be exceed on more than 
25 days per each year, and it is a mean over 3 years. 
Furthermore, the maximum O3 concentration in workplaces should not exceed 
200 μg/m3 (~ 100 ppb). 
In 2015 in the USA, United States Environmental Protection Agency (EPA) 
modified the National Ambient Air Quality Standards (NAAQS) at ground-level 
not to surpass 70 ppb of ozone. This review was taken for improving public health 
protection [15], while previously the maximum O3 concentration for hourly 
exposure was set at 80 ppb in accordance with the air quality standard in U.S [16]. 
 
1.5 Need of ozone measurements 
Because of its toxicity, it appears of the highest importance to measure O3 at ground 
level. With the aim of monitoring the O3 amounts in the troposphere, it is necessary 
to consider some aspects. 
Firstly, O3 is unstable and it is converted to oxygen with a half-life of around 1 hour 
at 25°C [17]. 
As previously described, O3 can react quickly with other species donating a free 
oxygen to hydrogen, chlorine or nitrogen. Moreover, the amount of O3 differ 
considerably with time and place. 
It is consequently necessary to monitor environmental O3 amount either in 
workplaces and in everyday life. In the former case a prevention of O3 leaks from 
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the generators is required, whereas in the latter case environmental monitoring of 
this gas is fondumental to protect the health of the people. Consequently, nowadays 
the actions of monitoring the amount of O3 becomes strictly necessary. 
Troposheric O3 is typically measured by spectroscopic methods that exploit the 
ability of O3 to adsorb UV light around 254 nm.  
The O3 measuring stations are typically expensive and big. It is not possible to 
situate a huge number of these measuring stations in a urban place to detect O3 
anywhere and anytime. However, O3 monitoring now is an urgent demand.  
Considering environmental monitoring, ozone episodes can often occur. An ozone 
episode is a period of up to 2-3 weeks with elevated O3 levels, characterized by 
quotidian exceedances of the thresholds determined to preserve human health. 
Thoese phenomena take place upon peculiar meteorological regimes characterized 
by wide areas of stagnant air and elevated pressure in atmosphere. Those are more 
frequent during summer since the formation of O3 is promoted by the presence of 
the sunlight [18]. 
1.6 Methods to measure ozone in air  
The analytical techniques progressed to measure O3 amounts should be sensitive in 
a broad range of concentration, between 10-10000 ppb. In fact, environmental 
monitoring requires instruments with an accuracy of few ppb, while in industrial 
usages, the precision is not such rigorous, since the expected concentration are in 
the order of thousands of ppb.  
Up to now, a wide range of papers has been published about determination of ozone 
amount [19-23].  
For accomplishing this purpose, many analytical methods were presented in papers 
like optical sensing [24], ultraviolet (UV) light absorption [25] chemiluminescence 
analyzers [26], fluorescence tests [27], KI [28] and direct amperometry 
determination [29].  
However, most of these procedures are not peculiar only for O3 but they tipically 
determine the amount of oxidation reagents. Generally, techniques for measuring 
the concentration of ozone could be split into two groups: i.e. photochemical and 
chemical methods. 
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In the major part of the recently published works about ozone production [13, 24, 
25] and its quantitative determination, the ‘photochemical method’ of UV light 
absorption is adopted. The biggest pro of this method is the possibility to determine 
continuously the amount of ozone. This property could be useful for the automatic 
regulation of ozone production by ozonizer according to the actual need. 
By means of ‘chemical methods’, the absolute determination of O3 amount (in 
oxygen) can be evaluated. For instance, the iodometric titration belongs to this 
group of methods. However, chemical methods disable continuous measurements 
of O3. 
Both types of methods could be adopted without any other requirements only in the 
case of ozone generation using oxygen as a source because when air is flowed, the 
absorption of other molecules such as nitrogen and nitrogen oxides can happen. 
Nevertheless, in the case of UV generation of ozone by means of a mercury lamp, 
the influence of such absorption can be neglected because it occurs only between 
excited metastable species. The mostly used techniques – UV adsorption and iodine 
titration – will be briefly described in this section. 
 
1.6.1 UV adsorption-photochemical method 
 
The most used photochemical method and recommended route for the 
evaluation of O3 gas concentration is direct UV absorption [7]. As previously 
described, O3 absorbs UV radiation between 190 – 310 nm and it has an absorption 
peak at 254 nm (Figure 4), that is is near the λ = 253.7 nm mercury (Hg) resonance 
line [30]. O2 absorb exclusively the highest energy of UV light generated by the 
sun, principally below 200 nm. Thus, the specific absorption characteristics of O3 
has been exploited to develop ozone sensors. 
By means of a Hg lamp, UV is produced very close to the absorption peak of O3. 
By introducing O3 into the sample stream, a drop in the UV signal at 254 nm of λ 
is registered. It is proportional to the O3 amount in the specimen in accordance with 
the Beer-Lambert law [31]. 
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Figure 4. Adsorption spectrum of O3 [32]. 
 
O3 streams between two cuvette windows in the same direction of sapphire or 
quartz, transparent until 254 nm, with a carrier gas (air or oxygen) Two UV 
detectors measure electricallythe UV radiation. The first detector measures the 
reference signal that is the radiation without O3, whereas the second detector 
quantifies the radiation as the O3 passes the cuvette. Moreover, by varying the 
cuvette width, the sensitivity and the measurable concentration range of O3 gas is 
easily adjustable. There is no interference from oxygen adsorption at 254 nm. The 
O3 spectrometer is extremely heavy and can achieve a lifetime of more than a 
decade. It is necessary to prevent dust that contaminate the equipment. 
Thanks to its noticeable resolution, this is without any doubts the dominating 
commercially available product for accurate ozone measurement in air. This 
technology allows a widerange of measure from 1 ppb up to 2500 ppm. 
Nevertheless, the weight of this type of ozone photometer is a disadvantage, 
because it is in the range of tens of kilograms. In the last years, the need to produce 
portable devices led to diminishing the size and the weight until 6 kg, including the 
electrical unit.  
In addition, the required electrical power, is extremely high (more than 20 W). 
Furthermore, the ozone photometers are too heavy, expensive and big, and they 
require high energy consumption for employing as portable devices, despite of its 
wide measuring range, high resolution and extended life time. 
 
1.6.2 Iodometric titration 
 
In the iodometric titration reaction, O3 is added into an alkali iodide solution (KI) 
in accordance with the following reaction (eq 3): 
 
2 KI + O3 + H2O → I2 + 2 KOH + O2 Eq (3) 
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In this reaction, iodine is formed from iodide. The initial presence of iodine result 
in a yellow or even brown solution. 
The amount of iodide is consequently determined by the titration with sodium 
thiosulphate in acidic conditions, as presented in equation 4: 
 
I2 + 2 Na2S2O3   2 I– + Na2S4O6    Eq (4) 
 
where it is easy to follow the reduction of iodine to iodide by a remarkable 
decoloration of the yellow-brownish solution. For making this reaction more 
sensitive, the starch solution is typically added before the end of the titration. This 
solution changes color of the titrated mixture into blue.  
Flowing gas is led from the ozonizer into the bubbling vessel containing potassium 
iodide solution. The as-formed O3 reacts with iodide forming. 
The above-mentioned methods require expert technicians for the set up of the 
instrumentation (photochemical methods) and to fulfill the chemical reaction 
(chemical methods). In order to realize cheap and ease-to use on-line O3 sensors, 
chemical sensors have an intrigous potential. For this reason, ceramic and carbon 
based-chemical sensors able to detect ozone and its interferences at low 
concentrations (ppm and ppb level) will be propose in this thesis. 
1.7 Conclusions 
Ozone is a strong oxidant that has drastically raised its amounts in the troposphere 
in recent years. O3 is generated by the interaction between sunlight and many 
chemicals released by human activities, such as vehicles and industries. 
Furthermore, O3 in troposphere is a byproduct of both urban and industrial 
pollution. Since high O3 troposheric levels are hazardous for the human health, 
monitoring its amount at ground level appears crucial. 
The actual analytical techniques available in the market for ozone control are 
expensive and they require expert technicians. For this reason, cheap alternatives 
have been deeply investigated for online measurement of pollutants, and among 
them, chemical gas sensors have a great potential for their modest cost, facility of 
operation, great reliability and the possibility to integrate them in portable 
electronics. In fact, nowadays, low-cost and energy-saving O3detectors are widely 
required. 
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In this thesis, the development of many types of small-size, cheap and energy 
efficient O3 sensors are described. In the next chapter, the basic work principle of 
SMOx (semiconductor metal oxides) and carbon-based chemical sensors will be 
illustrated together with the advantage and disadvantages of this technology. 
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Chapter 2 - Chemical sensors 
Abstract  
In this chapter, the principal properties of chemical sensors are discussed. Starting 
with an historical view of chemical sensors, the basic principle and the classification 
of these devices are presented. Thus, metal oxide semiconductor and carbon-based 
chemical sensor properties, performances and sensing mechanism are described 
with both advantages and limits of those techniques. 
 
2.1 General aspects of sensors 
 
2.1.1 Historic view  
 
After the consequences of many dangerous gases on human health were 
distinguished, different methods of gas leak detection became of great importance 
Early detection systems relied on less precise sensors, before the development of 
modern electronic devices. During the 19th and the beginning of 20th centuries, 
coal miners used to taking canaries with them below to the tunnels as a primitive 
meseauring system for protection towards gaseus species like CO2, CO and CH4. 
The canary, that normally are songful bird, would stop to sing and then die in same 
cases. This happened if they were not removed in time from these harmful species, 
warning the workers to leave the mine immediatelty.  
The earliest gas sensor that found application in industry was the Flame Safety 
Lamp (FSL), invented in 1815 by Sir Humphry Davy for measuring  CH4 in 
underground coal mines. The FSL was made of an oil flame adapted to 
characteristic height under fresh air. For preventing ignition, FSL was hold in a 
glass sleeve equipped with a mesh flame arrestor. The heigh of the flames changed 
if CH4 or a lack of oxygen were present. Nowadays, FSL systems are still operating 
in some parts of the world.  
In 1926, the ‘modern era of gas detection’ began by the progress of the catalytic 
combustion Lower Explosive Limit (LEL) detector. This device was developed by 
Dr. Oliver Johnson at Standard Oil Company in California, USA.  
His aim was to avoid detonations in storage tanks of gasoline and oil. 
This sensor shows the minimum gas amount in air that will explosively blaze in 
case of ignition’s sources. The atmosphere burn if it contains a certain amount of 
fuel and oxygen, an ignition’s source and a proper energy to support the fire chain 
reaction. 
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The first practical ‘electric vapor indicator’ meter started to be manifactured in 
1927.  
In 1928, the World’s first gas detection company, Johnson-Williams Instruments 
was founded by Phil Williams and Oliver Johnston. J-W Instruments is known as 
the earliest electronics firm established in Silicon Valley. Over the following four 
decades, the company pioneered several ‘firsts’ in the modern age of gas sensors, 
covering more portable instruments, the realization of a portable oxygen detector 
and the first instrument able to measure oxygen, vapors and combustible gases.  
Prior to the progress of electronic household CO sensors in the 1980s, the presence 
of this harmful gas was evaluated with a chemically infused paper that after 
exposition to the gas turned into brown. From that point on, several electronic 
systems have been realized to meaure alerting the leak of many gases.  
When electronic gas sensors’s performances and prizes improved, they have been 
incorporated into various systems. For instance, in automobiles they were initially 
used for engine emissions monitor. Nowadays, gas detectors may be utilized to 
guarantee passenger safety and comfort. CO detectors are being introduced into 
buildings in demand-controlled ventilation schemes. Thus, in medical diagnostic, 
sophisticated gas sensor systems have been investigated well besides their early 
scope in operating rooms. Alarms and gas monitors for CO and other dengerous 
gases are disposable also for both domenist and working utilizations and they are 
now legally demanded in some countries.  
At the beginning of their development, sensors were developed for detectiong a 
unique gas. Nowadays, modern systems can detect many combustible or toxic 
gases, together with an arrangement of them [1]. 
It is not possible that gas detectors solve the constituent signals from a complex 
aroma to distinguish many gases at the same time [2]. 
The 1962 could be considered the first year of the era of chemical sensor 
technology. Taguchi delivered the first patent on SnO2 as the first metal oxide based 
chemoresistive gas sensor [3].  
In the same year, Seiyama et al. [4] developed an innovative type of detector for 
gaseous components. 
In this kind of sensor, the adsorption and desorption of gases generate the variation 
in the electrical conductance of SnO2 film demonstrating that gas detection is 
feasible with facile electrical devices. Although this phenomenon was already 
known in some degree, the authors found that at the temperature of 485°C, the 
adsorption and the succeeding desorption processes on the surface of 
semiconductors take place quickly and may indicate a marked variation in the 
electrical conductivity. 
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The response of this system towards propane was about 100 times larger in 
comparison with the thermal conductivity sensors utilized at that time.  
Moreover, this property of thin films was found to be widely applicable to the 
detection of gaseous components. 
At the beginning of the 1950s, Bardeen and Brattain, two workers of Bell 
Laboratories, firstly demonstrated for the first time that some semiconductors like 
germanium varies their resistance, in dependence of the surrounding atmosphere 
[5].  
In 1954, Heiland reported that metal oxides like zinc oxide alter their 
semiconducting characteristics by a variation in the concentration of O2 or other 
species in the ambient. Nevertheless, these findings were not further studied [6]. 
Subsequently Shaver in 1967 delineated the effects of adding noble metals such as 
Pt, Pd, Ir and Rh on the semiconductors [7].  
Thence, selectivity and sensitivity of semiconductor sensitive materials have been 
improved remarkably, thanks to an intensification in searching new formulations 
for gas sensing materials.  
Four years later, Taguchi patented the first device of chemoresistive gas sensors, 
ready for useful applications, with SnO2 as the ceramic sensing element [8].  
He discovered that SnO2 possess many intrigous features such a great sensitivity at 
low working temperature and a structure that is thermally stable. Considering thick 
film sensors, the first generation was developed with a mixture of stearic acid and 
tin chloride painted onto the substrate and then fired at 700 °C. This step was 
necessary to evaporate the organic vehicle, releasing a porous layer of SnO2. 
Taguchi utileze also Pd as a metal catalyst to enhance the sensor stability, selectivity 
and sensitivity. These sensors were commercialized by Figaro Inc, and they found 
application in alarms for preventing accidents such as gas leakages and fire 
formation in houses by detecting the presence of harmful amounts of explosive 
species. As a result, a diffused utilization of semiconductor gas detectors take place.  
In fact, at the end of 1980s, the use of semiconductors in gas sensing field 
experienced a significative growth becoming one of the most dynamic area of 
reserach in the sensor community.  
The request for gas detectors with high-performance and enanched sensitivity, 
selectivity and reliability, quicker response and modest power dissipation, 
generated accelerated strengths for realizing innovative sensing elements. 
The fast expansion of materials chemistry together with the materials science, has 
brought to a significant enhancement in the quantity of new sensitive elements 
disposable. This favored the realization of high-efficient solid-state gas sensors.  
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Nowadays, it appears evident that the research on chemoresistive devices is playing 
a fondamental role in daily life.  
In fact, chemical sensors have experienced an expansion in their exploitation to a 
wide range of areas, from vehicle contro of emissions and environmental 
monitoring to industrial emission control and household security, together with 
agricultural, biomedical utilizations, over the last five decades. This is a result of 
their ease to use, extremely cheap, small volume being able to be equipped into 
electronic systmes [7, 9–11]. 
Nowadays, novel nanoscale technologies provide opportunities for the 
development of semiconducting sensing materials. Nanoscience, permitting 
manageable manipulation of materials at the molecular level, is a crucial source for 
novelties in elaboration of materials. Moreover, developing nanotechnologies are 
generating deep modifications in sensor designs and applicabilities. The essential 
achievements from gas sensor research are a considerably smaller size, lower 
weight and power consumption and enhanced sensitivity and specificity for the 
target gas. 
Gas detectors based on metal oxides have been broadly utilized and studied in the 
measurement of a wide range of species. Studies have confirmed that the gas 
detection mechanism is highly connected to surface phenomena. For this reason, 
one of the essential parameters of gas detectors, i.e. the sensitivity, will vary with 
the factors that influence the surface phenomena. Those are the chemical 
components, microstructures and surface-modifications of sensing film, as well as 
humidity and temperature of the ambient [12].  
The operating mechanism of semiconductor metal oxide sensors (SMOs) is 
associated to the alteration of the electrical conductivity of the material after 
oxidation/reduction reactions for the adsorption/desorption of interfering gases on 
the material surface. An electronic device measures the variation of resistance 
through a well-defined transfer function and determines the true value of the gas 
concentration by transmitting the output signal. Gas selectivity and reactions caused 
by interference from other gases or by humidity are partially attenuated by careful 
formulation of the composition and chemical nature of the basic oxides using 
catalysts and through selecting a suitable working temperature by means of a 
heating circuit.  
 
2.1.2 Basic principle of sensors  
 
Intelligent systems with sensors can be utilzed for many applications, as previously 
described. 
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Generally, sensors are electonical systems that turn physical-chemical phenomena 
into electrical outputs [13].  
In addition, an actuator converts an electric signal to a physical output.  
There are many possible classifications of sensors, which often are guided by 
application perspectives. Typically, a sensor aquires a stimulus and return with an 
electrical output [14]. 
A different definition describes a sensor as a system that is suitable to turn a 
physical quantity into an output readible by an instrument or an external observer 
[15]. 
A slightly diverse definition from the IEC (International Electrotechnical 
Committee) affirms ‘the sensor is the primary part of a measuring chain which 
converts the input variable into a signal suitable for measurement’ [16]. 
Therefore, the necessity to control and monitor has driven the research and 
development of numerous sensors with several materials and technologies [14]. 
 
2.1.3 Classification of sensors  
 
The classifications of sensors can be of different types, from the easiest until the 
most complex. In dependence on the classification type, variegated criteria can be 
picked. Here, there are many practical methods to look at the sensors. 
A first classification of sensors is between two kinds: passive and active, where the 
former kind does not require additional source of energy and produces an electric 
output responding to an external stimulus: the sensor converts the energy of the 
stimulus into the outcome signal [17]. 
Some types of this group of sensors are thermocouples, photodiodes and 
piezoelectric sensors. The major part of passive sensors are direct sensors requiring 
an excitation signal as an external power for their performance. This signal is altered 
by the detector in order to produce an outcome. 
On the opposite, the properties of active sensors are modified responding to an 
external stimolus and those are transformable afterwards into measurable electric 
outputs.  
A sensor modulates the excitation signal and this signal conveys informations about 
the measured value. Some examples are constituted by a thermistor and a resistive 
gauge. 
The former is a temperature-sensitive resistor. By flowing a current across it, its 
resistance is measurable by alterations in voltage/current through the thermistor. 
The thermistor does not produce any electric output. These modifications are 
directly related to the temperature. 
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The later case of an active detector is a resistive strain gauge where the resistance 
is associated to a strain. In this case, an electrical current is applied from a power 
supply in order to quantifythe sensor resistance.  
In dependence on the reference choosed, sensors are categorized into absolute and 
relative devices. The former measures a stimulus referring to an absolute physical 
range. This quantity is not dependent on conditions of the test, while a relative 
detector sensor generates a signal referrable to a certain event. 
The thermistor is a typical absolute sensor: it is a resistor sensitive to the 
temperature. Its resistance is relateted to the absolute temperature rabge (in Kelvin). 
The thermocouple is a further widely used temperature sensor. This kind sensor 
produces a voltage that depends on a gradient of temperature through the wires of 
the thermocouple. In addition, a thermocouple outcome requires tobe refereed to a 
known baseline. 
Talking about pressure sensors, they can be both absolute and relative sensors. The 
former one generates a signal referred to vacuum (where the pressure is zero), 
whereas a relative detector sensor generates a signal in reference to a baseline that 
is different from 0 P (e.g can be the P of the atmosphere). 
It is also possible to consider other properties, such as which conversion mechanism 
is used, which physical phenomenon the sensor is sensitive to and which stimulus 
is detecting [18]. 
With the aim to provide a denite description of sensing criteria, in this section many 
technologies are separeted in two classes: those related to alterations of electrical 
features and other characteristics, as illustrated in Figure 1. 
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Figure 1. Scheme of different gas sensing methods [18]. 
 
Among those gas sensing methods, those related to electrical alterations with 
diverse materials were chosen, due to several advantages. In Table 1 pros and 
cons of sensors based on electrical variation are tabulated. 
 
Table 1. Table 1. Advantages and disadvantages of methods based on electrical 
variation. 
METHODS PRO CONS APPLICATIONS 
MOS Cheap, fast, several 
gases, extended 
lifetime, low power 
consumption 
Low selectivity, 
sensitive to 
environmental factors 
Industrial and civil use 
Carbon 
nanotubes 
Sensitive, fast, great 
adorption, large s/V 
Low repeatability and 
difficulties in 
preparation 
Detection of partial 
discharge 
Polymers Sensitive, fast, 
cheap, simple, low 
power consuption 
Long term instability, 
irreversibility and 
poor selectivity 
Indoor air monitoring, 
chemical indutries 
Moisture 
adsorbing 
material 
Cheap, low weight, 
selective to water 
vapor 
Irreversibility at high 
water vapor, 
vulnerable to friction 
Humidity monitoring 
 
NB: s: surface, V: volume. 
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2.2 MOS 
 
The most used sensitive elements are MOS - metal oxide semiconductors, that 
furnish chemical sensors with many pros, as described in table 1: their cost is low, 
they present high sensitivity, quick response and recovery times, they find 
application in the measurement of several gases and it is possible to reuse them after 
a long period of time. 
Semiconductors are characterized by an electrical conductivity in the range 10-8 and 
103 S/cm, in the middle between a conductor and an insulator. Genarlly, their 
electrical resistance decreases by increasing the temperature. Thus, the energy band 
gap between valence band (VB) and conduction band (CB) makes it easy to 
energize valence electrons sending them to the conduction band. Semiconductors 
are classified in two groups, depending on the presence of impurities in the 
cristalline lattice. 
 
➢ n-type (e.g. SnO2, ZnO, WO3, In2O3) 
➢ p-type (e.g. CuO, Co3O4, NiO, Mn3O4) 
 
In the n-type semiconductor materials, free electrons (e-) are the main carriers and 
holes (p+) are the minority ones. A vacancy is created in the broken bond whenever 
a free electron is formed during breakdown of a semiconductor to another covalent 
bond. These vacancies are related to holes. Each hole is a positive equivalent of an 
electron since it is formed froma lack of an electron. In a n-type semiconductor, 
there are both free holes and electrons, but the number of the laters is considerably 
higher when comparing with the latter. 
Therefore, this brings to a variation of the Fermi level towards the n-type side to 
mantein the equilibrium (i.e. the product of electrons and holes must be a constant). 
The opposite is true for the p-type semiconductors. A p-type semiconductor has 
several holes that move randomly in the crystal. Besides the holes produced from 
trivalent impurity atoms in the p-type semiconductor crystal, there are thermally 
produced electron-hole pairs too. They are refereed to those formed during the 
breakdown of covalent bonds in the thermal excitation at room temperature. These 
electrons furnish free electrons in the p-type crystal. 
Consequently, the whole quantity of holes in a p-type semiconductor is the sum of 
p+ generated by impurity atoms and those formed in the thermal excitation. On the 
contrary, free electrons are only generated by thermal excitation. For this reason, 
the number of free electrons in a p-type metal oxide is considerably smaller than 
that of holes. P+ here are the main carries and e- are the minority ones [20]. 
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The two mechanisms of interaction for n-type and for p-type metal oxide 
semiconductors is illustrated in Figure 2. 
 
 
Figure 2. Electronic core–shell structures in (a) n-type and (b) p-type MOS. 
Reproduced with permission from [19], published by Elsevier, 2014. 
 
Generally, the ionosorbed species O2−, O−, and O2−are predominant respectively at 
T<150◦C, in the temperature range150◦C-400◦C, and at T>400◦C, respectively [19]. 
This led to the generation of an electronic core–shell structure (Figure 2). In a n-
type semiconductor, the area at the cores of grains has low resistance, and a resistive 
layer at the shells of the crystallites is formed: the EDL (electron depletion layer). 
When oxygen ions are adsorbed in p-type semiconductors, a HAL (hole 
accumulation layer) close to the material surface is generated. This is a result of the 
electrostatic interplay between the oppositely charged species, that determine the 
electronic core–shell structure: the non-conductive area at the centers of crystallites 
and the semiconducting HALs near the crystallites’s surface. 
Several materials has been studied to find application in gas sensing, from mono-
component metal oxides to multi-component oxides, like BiFeO2, MgAl2O4, and 
SrTiO3 [21]. 
Generally, metal oxide semiconductors can be divided into two groups: non-
transition and transition ones. The former (e.g., In2O3, Al2O3, SnO2) are constituted 
by with only one oxidation state-elements, whereas the latter (e.g., CuO, ZnO, 
Fe2O3) consists of elements with more than one oxidation states [22]. 
In this case, transition-metal oxides can generate differnt oxidation states on the 
surface, a phenomenon that is used in the sensor mechanism. More in detail, 
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transition-metal oxides having an electronic configuration of d0 and d10 can be 
deployed in chemical sensing exploitations [23].  
The d0 is present in transition metal oxides like WO3, TiO2 and V2O5, while d10 was 
found in post-transition-metal oxides, like ZnO and SnO2. The major part of MOS 
belong to n-type semiconductors, even if there are some kinds of p-type 
semiconductors such as NiOx, Co3O4 and CuO that show promising features as gas 
sensing elements. For instance, it is denmostrated that 10 wt% of NiOx amount in 
TiO2 is necessary for the conversion of n-type into p-type conductivity. The 
principle distinction between n-type TiO2 and p-type NiOx doped TiO2 layer is that 
at higher temperatures the n-type material exhibits an enhanced sensitivity towards 
reducing species, whereas for the p-type the response is dropped [24]. 
An interesting advantage of p-type semiconductors is that usually they present a 
higher sensitivity at relatively lower working temperatures compared to n-type 
ones. 
Sensors made up of MOS are principally used to monitor gases across redox 
reactions between the metal oxide’s surface and the analyte [25].  
This is a two-stages process [22]: 
➢  A serie of redox reactions, where O− allocated on the surface of the 
semiconductor, interact with analyte gas, resulting in an electronic 
alteration of its surface due to a charge transfer. 
➢ This alteration is transduced into a sensor electrical resistance modification. 
This can be recognized by measuring the resistance, the impedance but also 
the variation of capacitance, mass, work function, optical properties or the 
reaction energy [22]. 
Metal oxide semicondutors, like SnO2, ZnO, In2O3, WO3, V2O5, CuO, Cr2O3, and 
TiO2, can find application in monitoring of reducants and oxidants. Furthermore, 
they can be handled as combustibles with sensors, that are principally measuring 
the variations in resistance after the interaction with the target gas [26].  
SnO2 is the most utilized gas sensing metal oxide, as clearly described in Figure 3. 
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Figure 3. Studies based on n- and p-type MOS chemical sensors (internet search 
of Web of Knowledge on October 9, 2018). 
 
The resistance of SnO2 film variationswith the variation of gas amount, from 
liquefied petroleum gas (LPG) to methane (CH4); from carbon monoxide (CO) to 
other reductants [27].  
Other metal oxide semiconductors are also extensively investigated for their 
interesting gas sensing properties, like tungsten trioxide WO3. For example, anodic 
WO3 by applying electrochemical etching of W exhibit superior responses when 
exposed to hydrogen (H2) and nitrogen oxide (NO) [28].  
Regarding a different reducing gas, NH3, the response of undoped WO3 to ammonia 
is slightly low, the WO3 sensor displayed a moderate selectivity for ammonia 
regarding the interference from NOx. 
A successfull way to improve WO3 properties in gas sensing, is to decorate it with 
Cuand V as catalysts to increase the response towards ammonia, eliminating the 
abnormal behavior of the sensor [29]. 
Another example of well-studied MOS is titanium dioxide (TiO2) that is handled as 
sensing layer for its sensing performance due to the high dielectric permittivity 
suitable for gas adsorption [30]. 
There are many influencing factors, like the structure aand characteristics of the 
sensitive film, affecting the redox phenomena and influencing the semiconductor’s 
sensitivity as gas sensitive elements, and those characteristics will be elucidated in 
detail in the next session. The sensitivity of SnO2-based sensors is rather elevated, 
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driving to its widespread and its wide presence in the market (e.g. in Figaro 
sensors). 
However, this sensitivity is due to the elevated working temperature, that is 
typically accomplished through an external heated filament or an internal heater. 
For the major part of oxides, the elevated working temperature is a result of the 
reaction temperature of O− [21]. The sensitive film requires preheating to a certain 
T to enhance the possibility of adsorption of target gas molecules on the layer 
surface consuming ions from the sensitive element. After depletion of ions, the film 
conductivity arises forrealizing the sensing function. Thus, the use of a micro-
hotplate is a further option to maintain the sensing elements at high temperatures 
[31]. 
Heating the sensing element is not the unique way to improve the sensitivity of the 
chemical sensors, like pre-concentration technology or UV-illumination [32]. 
An interesting strategy to ameliorate the gas sensing properties is to develop 
composites like SnO2-ZnO or FeO3-ZnO because they advice a synergic effect 
between the components [21]. Consequently, the sensitivity can be manipulated by 
adjusting the amount of every component into the composite. For instance, the 
operating T of sensors based on SnO2 in composities varies from room temperature 
to 500 °C and the optimum operational T to different gases change [32]. 
This aspect must be considerated since when the temperature deviates a lot from 
itsoptimal value, other gases could be more reactive towards SnO2. This led to a 
drop in the selectivity for the target gas. Nevertheless, in the case of high differences 
between these two temperatures, a unique sensor should be selected to measure two 
species by varying the temperature. For instance, the best operative T of SnO2 
towards CH4 is 400 °C whereas that for CO is equal to 90 °C. This necessitate a 
thermostatic cycle of the sensing layer at the two temperatures todetect both gases 
by considering the resistance variations of the sensing element during each gas 
exposure [34]. 
Some strategies to ameliorate the selectivity of the sensing film involve doping the 
surface of the sensing film with an appropriate catalyst [21, 25]. Besides, an 
additional way to improve the selectivity is by adopting a sensor array based on 
various sensing materials [35, 36]. 
A gas sensor array is constitued by different sensing elements for the detection of a 
single specie. In the case of an array with many elements, a gas recognition circuit 
is typically adopted to improve the selectivity [36].  
A further methodology to enhance the selectivity includes the use of catalytic filters 
for the detection of combustible gases [37, 38]. 
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Metal oxide semiconductors have been universally utilizedin sensor technology. 
Nonetheless in some cases, their need of high working temperature requires higher 
costs and tricky configurations, when comparing with room-temperature 
technologies. With the aim to overcome those issues, researchers have proposed 
some methodologies like the exploitation of micro-sized materials with micro-
heaters realized by silicon IC technology [39] and T-pulse mode with quick heat 
steps [40] to decrease the sensor power consumption.  
Another issue could be represented by long recovery times required after each gas 
adsorption. This is not practical for some sensors limiting their applicationwhere 
the gas concentrations mutate quickly. In conclusion, the research in SMO sensors 
should discover novel solutions to overcome their limits. Researches on metal 
oxides have displayed that nanostructures could refine the sensitivity and the cinetic 
of response of gas sensors [41]. 
 
2.2.1 Reactions involved in MOS 
 
In the gas sensing of MOS, two main mechanisms are involved: the receptor and 
transducer functions. The receptor concerns the recognition of an analyte gas in the 
interface between gas and solid, including electronic changes in the metal oxide 
surface, whereas the transducer includes transduction of the phenomenon on the 
surface in an electrical alteration of the film’s resistance [42]. 
Figure 4 illustrates both receptor and transducer functions in MOS sensors.  
 
 
Figure 4. Functions of receptor and transducer of MOS chemical sensor. 
Reproduced with permission from [43], published by John Wiley and Sons, 2005. 
 
According to Korotcenkov [44], chemical characteristics of the surface oxygens of 
the metal oxide areaccountable for the receptor function since it account the 
capability of the oxide to interract with the gas species. 
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The receptor function can be modulated by loading the metal oxide with noble 
metals, acid or basic oxides. Modifications in the receptor function causes a large 
alteration in sensor performance. The transducer function converts the signal due 
to chemical interactions of the oxide surface corresponding to a variation in work 
function, into a measurable electrical output. This is generated by every crystallite 
boundary. In the next Figure 5, a useful scheme of receptor and transducer functions 
is summarized, together with the physicochemical and material characteristics 
related to semiconductor gas sensors. 
 
 
Figure 5. Functions of receptor and transducer for MOS gas sensor. Reproduced 
with permission from [44], published by Elsevier, 2017. 
 
Gas sensing in MOS sensors involved ionosorbed surface oxygen and the target 
gas. The gas causes an analteration in the equilibrium of the reaction involving 
surface oxygens and corresponds to the transducer function. The alteration in 
chemisorbed oxygen is responsible to a variation in the conductivity of the SMO 
materials [45]. 
In the Figure 6, the receptor and transducer functions are illustrated with factors 
that influence the properties of the sensor. 
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Figure 6. Functions of receptor and transducer of MOS sensor (a) SnO2 sensors 
response as a function of crystallite size (b) SnO2, WO3 sensor response as a 
function of SiO2 amount (c). Influence of noble metal content Pd (d) influence of 
working T on In2O3 sensor response and response time (e). Influence of SnO2 film 
thickness on sensor response and response time (f) SnO2 layer resistance. 
Reproduced with permission from [45], published by Elsevier, 2015. 
 
The sensitivity of a sensor is directly correlated to the capability to vary its surface 
conductivity after interaction with the analyte. Oxygen ions adsorbs on the solid-
gas interface at the active adsorption sites, that are the superficial oxygen atoms, 
Vö. 
In this adsorption process, the conducting electrons of the solid are depleted for the 
formation of ionic species adsorbed following the reaction (1): 
 
O2gas + Vö + e  O2-   ads – Vö (1) 
 
In this equation, O2gas is the gaseous oxygen, whereas O2- ads represents the adsorbed 
oxygen ion on the vacancy at the surface of the MOS. This process assesses that an 
electron depletion layer is created after adsorption of oxygen and as a result, a 
reduction of charge density in the grain zone close to the depletion layer is formed. 
This produces a drop in the amount of charge near the surface and a potential barrier 
of the Schottky barrier is generated [46], as depicted in Figure 7. 
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Figure 7. Scheme of band bending after chemisorption of charged species (in this 
example the ionosorption of oxygen). EC, EV, and EF denote respectively the 
energy of the conduction band, valence band, and the Fermi level, whereas Λair 
describes the thickness of the space-charge layer, and eVsurface is the potential 
barrier. [46]. 
 
The mechanism involves the e- trapping at adsorbed oxygens and a band bending 
(BB) is formed due to these anions that are responsible for an alteration in 
conductivity. These anions trapped results in an upward BB and the resistance is 
increased in comparison with the flat band. If O2 molecules are absorbed on the 
MOS surface, e- are extracted from the CB -Ec- trapping the e- at the surface as 
ions. Weisz limitation states a maximum degree of coverage of charged ions in the 
case of chemisorption of oxygen that is limitated to a small fraction of a monolayer 
between 10-3 and 10-2 cm-1 ions, describing the equilibrium between the energy of 
surface-adsorbed sites and the Fermi level. 
This results in a BB with an e--depleted region, and a surface potential barrier in the 
range 0.5-1.0 eV is formed. 
This e--depleted region is the ‘space-charge layer’, and its thickness is the length 
of the BB area. The height (eVSurface) and depth (Λair) of the BB are a function of 
the surface charge, that depends on the amount and typology of adsorbed oxygen. 
In addition, the depth of band bending is a function of the Debye length Ld, 
according to equation 2: 
 
𝐿𝑑 = √
𝜀𝜀𝑜𝐾𝑇
𝑒2ηd
  (2) 
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In this equation, ε is the dielectric constant, εo is the permittivity of free space, K 
represent the Boltzmann’s constant, T is the operational temperature, e is the charge 
of electron, and ηd stands for the concentration of carriers, corresponding to the 
donor concentration in a fully ionized situation. 
In polycrystalline materials, the electronic conductiance takes place over 
percolation paths through contacts between crystallites and consequently is a 
function of the eVSurface of the nearby crystallites. eVSurface is the Schottky barrier. 
For this situation, the conductance of the sensitive element can be extracted by the 
next equation (3) [47]: 
 
𝐺 = exp⁡(
−𝑒𝑉𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐾𝑇
) (3) 
 
2.2.2 Adsorption of reducing gases 
 
When reducing or oxidizing gases interact with the surface of the MOS, the base 
line resistance will change after an exchange of electrons. Based on the typology of 
metal oxide semiconductor (n-type or p-type) and interfering gas, oxiditants or 
reductants, such variation causes an increase or in a decrease of the resistance value.  
Among reducing species, carbon monoxide is one of the most investigated because 
of its hazardous effect on human health [48]. 
When CO interacts with the surface of a n-type MOS at a temperature of around 
300 °C, it is oxidized to CO2 delivering electrons in the CB of the MOS and the 
surface of the semiconductor is reduced following the reaction (4): 
 
COgas + O- - Vo  CO2gas + Vo + e- (4)  
 
When CO takes part to the interaction with the adsorbed oxygen molecules, 
electrons are inserted into the MOS and so the amount of charge carriers is 
enhanced, with a drop in the thickness of the depletion layer and in the eVSurface, as 
illustrated in Figure 8 for the band and structural models. 
As a result, Rg that is defined as the resistance of the semiconductor at equilibrium 
when it interacts with CO gas, decreases as compared with the resistance when 
exposed to air Ro (Rg <Ro). 
After the interaction between CO and chemisorbed oxygen, the generation of 
unidentately and/or bidentately bound carbonates takes place, desorbing as CO2 
[16]. The concentration of adsorbed oxygen is reduced considerably even under 
traces of reductants and the trapped e- at the surface are delivered back to the bulk. 
Thereafter, the Schottky barrier height is attenuated, enhancing the conductivity of 
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the whole sensitive film. The band model concerning the conductive mechanism in 
polycrystalline MOS are depicted in Figure 8. 
 
 
Figure 8. Structural and band model for mechanism of conduction of a 
polycrystalline MOS: (a) initial state (b) effect of CO for large crystallite [46]. 
 
2.2.3 Adsorption of oxidant gases 
 
Among oxidant gases, a great attention is payed for NO2 and O3 because of their 
strong oxidant interactions for the human health. For instance, when NO2 is 
adsorbed on the semiconductor surface, it follows the reactions (5-6): 
 
𝑁𝑂2𝑔𝑎𝑠+𝑂− − 𝑉Ö + 𝑉Ö +𝑒-  (𝑁𝑂2—𝑉Ö) 𝑎𝑑𝑠+ 𝑂—𝑉Ö (5) 
𝑂3 𝑔𝑎𝑠+𝑂−−𝑉Ö+ 𝑉Ö+𝑒- (O3—𝑉Ö) 𝑎𝑑𝑠+ 𝑂−−𝑉Ö (6)  
 
From these reactions, O3 and NO2 have a huge affinity for the reaction with oxygen 
vacancies (𝑉Ö) compared with the adsorbed oxygen species, 𝑂−−𝑉Ö. As a result, e- 
of the CB of the MOS are depleted. Subsequently to the interaction of O3 and NO2, 
the depletion layer thickness is increased, the amount of the charge carrier is 
decreased, and the potential barrier (ΔE) is enhanced. In terms of resistance, Rg is 
higher than the resistance when exposed to air Ro, (Rg >Ro). 
In the next Table 2, the reactions and the correlated resistance variations after 
exposure to reducing (CO) and oxidant (O3) gases for n-type and p-type 
semiconductors are summarized. 
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Table 2. Response mechanism of an n-type and p-type semiconductor sensors. 
TARGET 
GAS 
REACTION WITH 
THE SURFACE 
RESISTANCE 
 n-type (In2O3, 
WO3, ZnO) 
RESISTANCE 
 p-type (BaFe12O19, 
Co3O4, CNT) 
REDUCING COgas + O- - Vo  
CO2gas + Vo + e-  
Increase Decrease 
OXIDIZING 𝑂3𝑔𝑎𝑠+𝑂−−𝑉Ö+ 
𝑉Ö+𝑒 (O3—𝑉Ö) 
𝑎𝑑𝑠+ 𝑂−−𝑉Ö  
Decrease Increase 
 
The depletion layer thickness (dl) is calculated by means of the Debye’s equation 
(equation 7): 
 
𝑑𝑙 =
𝑄𝑠
𝑁𝑑𝑒
  (7) 
 
In this equation, 𝑁𝑑𝑒 represents the quantity of donors per volume of material, and 
Qs is defined in the equation 8: 
 
𝑄𝑆= (Σj𝑁s,𝑗𝑞𝑗𝜃𝑗) (8) 
 
Where 𝑁s is the sum of the surface states having unitary electronic charge per unit 
of surface (𝑞𝑗) and 𝜃𝑗 is the fraction of adsorbed area corresponding to the states 
surface tipe j. 
The surface potential together with the height of Schottky barrier are determined 
using the equation 9: 
 
Δ𝜙𝑆 =
(𝑄𝑠)
2
2εε0𝑁𝑑𝑒
 (9) 
 
where 𝑄𝑆 defines the charge associated with surface oxygen coverage, 𝜀 and 𝜀0 are 
the dielectric constant of the MOS and the dielectric constant relative to the 
vacancy, respectively. 
Generally, 𝜀𝜀0 =10−12 𝐹/𝑐𝑚, 𝑁𝑑 around 1018 𝑐𝑚−3, Δ𝜙𝑆 close to 1 𝑉, implying a 
depletion layer thickness of 𝑑l in the range between 1 and 100 nm. 
Oxygen adsorption depends on both the environmental partial pressure and of the 
amount of active site on the semiconductor’s surface. The material resistance 
depends on the coverage degree by adsorbed oxygen ions and varies only by 
altering the amount of oxygen anions at the surface. In dependece on the working 
temperature, oxygen is present as O2-, O- and O2-.  The alterations in the level of 
 
 
38 
 
charge carriers results in the alterations in the layer resistance. It is possible to assess 
that, for a certain temperature at the equilibrium, every value of the resistance of 
the MOS corresponds to a certain concentration of oxygen gas [49]. 
 
2.2.4 Desorption of gases 
 
When the target gas, reducing or oxidizing, is removed from the surface of the 
MOS, the surface of the MOS tends to desorb the adsorbed species, restoring the 
equilibrium conditions of the ion adsorbate oxygen species, and this process is 
favored by increasing the operating temperature.  
For instance, for the interaction of CO with the MOS surface, when this gas is lift, 
the atmospheric oxygen tends to be absorbed and restores the balance concentration 
of the species 𝑂−−𝑉Ö. The equilibrium moves to the left part of the equation 
previously described, and the resistance of the material recovers the initial value 
[49]. 
 
2.2.5 Performance of gas sensors 
 
The performances of chemical sensors are analyzed by means of parameters such 
as: 
➢ sensitivity 
➢ selectivity 
➢ long term stability 
➢ response and recovery times 
➢ fabrication cost. 
The ‘Limit of Detection’ (LOD) is defined as the smallest concentration in volume 
of the analyte that a sensor is able to detect during the exposure time. A method to 
define the ‘sensor response’ is Rg/R0 for oxidant species and R0/Rg for reducing 
gases with n-type MOS, and the opposite occurs for p-type ones. Rg stands for the 
resistance value under target gas at the equilibrium, while R0 represents the 
resistance of the film under a reference gas (usually dry air) at the equilibrium. 
Another method to express the sensor response is the SR% (sensor response %) that 
is expressed in the equation 10 [50]. 
 
𝑆𝑅⁡(%) = 100 ∗
|𝑍𝑜−𝑍𝑔|
𝑍𝑜
 (10) 
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In the equation 6, Z0 is the impedance under reference gas at the equilibrium and 
Zg its impedance when it interacts with the target gas at the equilibrium. The 
‘sensitivity’ is the ratio of the incremental variation in the sensor response to the 
incremental variation of concentration of target gas. The calibration curve’s slope 
is used for the calculation of sensitivity, expressed in [ppm-1]. 
The ‘selectivity’ is the capability of the device to distinguish a unique specie in a 
mixture of gas species. 
Normally, one gas sensor can detect several species, expecially if it consists in 
chemiresistive metal oxides. The selectivity is defined as equation 11: 
 
Selectivity =
Rtarget⁡gas
Rinterfering⁡gas
 (11) 
 
The ‘stability’ is a crucial criterion required for gas sensors, because chemical 
sensors should operate considerably under repeated cycles of exposure to the target 
gas at different concentrations, and sometimes in harsh environments. The 
achievement of a stable performance without a drift is another essential parameter 
to proof the performance of gas sensor devices. 
Parameters such as ‘Response time’ and ‘recovery time’ are describing how fast are 
the adsorption and desorption steps for a sensor that interacts with the target gas. 
The first one is the time required to obtain 90% of the saturation in resistance when 
the sensor interacts with the analyte and is described by τads. The second one 
corresponds to the amount of time needed for a sensor to drop back to 10% of the 
saturation in resistance when the sensor is placed in reference gas and it is defined 
by τdes. Both τads and τdes should be as small as possible for practical applications. 
In summary, a model sensor should own the highest sensitivity, selectivity and 
long-term stability, the lowest response and recovery times together with the 
minimum fabrication costs possible.  
 
 2.2.6 Factors affecting the gas sensing properties 
 
There are several ways for optimizing the above-mentioned sensor parameters. 
Firstly, the sensor sensitivity could be improved essentially by modifications in the 
microstructure, e.g. the crystallite size. Three scenarios are possible and shown in 
Figure 9: 
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➢ If D, the crystallite size, is ≫⁡2dl (the space charge layer thickness), the 
conductivity is restrained by the Schottky barrier at crystallite boundaries: 
here, the conductivity is governed by the crystallite boundaries.  
➢ If D=2dl, the conductivity is restrained by necks among crystallites, and the 
conduction is controlled by necks. 
➢ If D < 2dl, the conductivity is determined by each crystallite (crystallite 
control). 
 
 
 
Figure 9. The different mechanisms of crystallite size dependence of 
conductance in MOS (a) D≫2dl, crystallite boundary control (b) D=2dl, 
neck control (c) D < 2dl, crystallite control [51]. 
 
A different approach to increase the sensitivity of the MOS is by modifying its 
microstructure and porosity. Porous MOS with an enhanced surface area result in 
an improved sensitivity towards analytes [7]. 
The sensitivity of the MOS sensors can be increased also by adding impurities or 
dopants like noble metals such as Pt [52], metal oxide PdO [53] and rare earth oxide 
like CeO2 [54]. 
There are two different routes accountable for the improvements of gas sensing 
characteristics. The first one is a chemical modification, caused principally by 
spillover phenomenon and the second one is an electronic route [51]. 
In general, smaller crystallite size of the MOS improves the gas sensors’s 
sensitivity, especially in the case of D<dl. However, an excessive drop in the 
crystallite size could result in a decrease in the sensor stability. Indeed, if the metal 
oxide is dispersed in too finely crystallites, an adverseeffect on the stability in time 
of the sensor is noticed due to the agglomeration of nanoparticles (NPs). 
The principal drawback of the technology based on MOS is the modest selectivity. 
As a consequence, one of the challenges for SMOs is to achieve a remarkable 
selectivity for the target gas. For this purpose, two main strategies for increasing 
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the selectivity of metal oxides are possible. The first consist in obtaining a MOS 
capable to be selective towards one gas with a low cross-sensitivity for other 
species. Usually this is quite hard to obtain since the mechanism of interaction 
between the MOS surface and the oxidant or reductant gases are analogous. The 
second approach consist in the discrimination between several analytes in the 
mixture. This result could be accomplished by temperature modulation usually 
achieved by modulating the temperature with a single sensor [51] or by using sensor 
arrays [49]. With an array of sensors that detect different analytes, it is possible to 
discriminate the contribution of the target gas in a real environment by means of 
statistical methods. 
The addition of dopants to the SMO is a third strategy to ameliorate the sensor 
selectivity since each material is more sensitive for a certain gas specie. In many 
cases, by additing impurities and dopants it is possible to refine the sensing 
performance of the sensors. 
A further key parameter in the advancement of gas sensors for the market is the 
long-term stability because sensors should produce a signal both stable and 
reproducible. In order to be ready for a large-scale presence in the market, the sensor 
signal should be constant at least for 2–3 years corresponding to an operation time 
between 17,000 h and 26,000 h [44]. 
The stability of the sensor should be associated to the reproducibility of its 
performances among a defined time at operative conditions (i.e. high temperature 
and in presence of analytes). An additional type of sensor stability is evaluated over 
a certain time under normal storage conditions (i.e. ambient humidity and room 
temperature). According to Korotcenkov et al [44] there are many factors that 
define the sensors instability such as structural and phase transformations, 
degradation of heaters and contacts, poisoning, errors in the design, variation in the 
amount of humidity, bulk diffusion, modification in the temperature of the ambient 
atmosphere and interference effects. A post processing process like calcination is 
an efficient method to ameliorate the sensor stability. In this way, a decrease of the 
sensing element working temperature is achieved. Doping is a first valid strategy to 
increase the stability of the sensor materials [7]. This is a consequence of the new 
thermally stable structures formed by doping. They lost their surface area slower, 
stabilizing the sensor performances. A wide range of engineering approaches could 
be accomplished for increasing the stability. For example, by a drift compensation, 
or by selecting correct gas system elements, adding specific filters and by 
stabilizing the temperature [44]. 
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2.3 Carbon-based chemical sensors 
 
Althougth multiple advantages, SMO sensors usually require high operational 
temperatures, usually in the range 150-400 °C. For this reason, carbon-based 
chemoresistive sensors have been attracting wide interest for the detection of 
different species: humidity, NO2, NH3, H2, grenhouse gases like CH4 and CO2, 
VOCs and explosives [55]. 
Carbon films (resistive or capacite) are often characterized by an extended sensing 
area and they are chemical inertness [56]. Moreover, carbon nanomaterials, like 
carbon nanotubes (CNTs), carbon nanofibers, graphene and carbon black are also 
extensively utilized for the design of chemical sensors with great performances. 
Particularly, graphene and CNTs can be accomplished into 1D fibers, 2D films and 
3D architectures. In this way, an simple design of chemical sensors can be realized 
and used for many practical applications [56]. Carbon-based materials can work at 
ambient temperature, it is possibile to functionalize them to increase the specificity 
and they are characterized by a modest thermal mass providing fast heating with 
modest energy dissipation [57]. The main disadvantages of carbon-based materials 
are their poor reproducibility and selectivity, the susceptibility to poisoning and 
along-term drift in some cases [57]. 
Recently, other carbon elements produced from bio-materials by pyrolysis 
processes have been studied as sensitive elements, like silk [58] and cotton [59]. 
Biomass can also be a valuable source of carbon, available in high quantity, and it 
is accounted as an ecological and renewable reserve [60]. Additionally, diverse 
biochars, i.e. byproducts of biomass pyrolysis, are accessible directly from pilot 
plants generating energy and biogas [61, 62]. In recent years, the applications of 
biochars included several areas [63]. Besides, biochar has been investigated broadly 
as replecement for high-priced carbon powders such as carbon nanotubes, graphene 
and others [64]. 
 
 
2.3.1 CNTs 
 
Recently, carbon nanotubes (CNTs) have been accounted ideal materials in the area 
of chemical sensors for their peculiar characteristics. CNTs were realized by Iijima 
and co-workers in 1991 [65]. CNTs are classified in single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs). The former ones are 
constitued on a single rolled layer of graphene, having diameters between 0.4 nm 
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and 6 nm, while the length is extending towards few microns [66]. The latter ones 
whereas are constituted by multiple rolled layers of graphene, having diameters of 
tens of nm and few µm-length. SWCNTs and MWCNTs structures are reproduced 
in Figure 10. 
 
 
Figure 10. Scheme of SWCNT (left) and MWCNT (right) [55]. 
 
CNTs generally are subjected to aggregation forming tube bundles for the strong 
interaction between the nanotubes and they exhibit outstanding electronic and 
mechanical and electronic features. For instance, SWCNTs have an elastic modulus 
up to 1 TPa, that is comparable to diamond, their strength is more than 100 times 
compared to steel, and a density of one-sixth. Moreover, one of the exceptional 
properties of this material is the great electrical conductivity for a remarkable 
conjugation effect. 
Approximately two-third of SWCNTs present semiconducting properties, while the 
remaining CNTs are characterized by metallic properties. The latter ones are 
utilized as single electron transistors, while the former ones find application in field 
effect transistors (FETs). 
MWCNTs are promising sensing elements because they can be miniaturized in 
portable electronics for their compactness and they present low prizes of production 
together with lower operating temperatures compared to MOS sensors. 
Firstly, CNTs are nearly completely consitituted of surface atoms, and usually they 
display outstanding sensitivity to various adsorbates. CNT sensors display 
considerable advantages over conventional MOS sensor elements considering their 
lower working temperatures, great sensitivity and the possibility to miniaturize 
them in the design and production of massive sensor arrays.  
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SWCNTs are characterized by elevated environmental stability and aspect ratio, 
together with excellent electronic and mechanical features. Probably the most 
interesting aspect is the ultrahigh S/V ratios of these materials. From the work of 
Kong et al. in 2004 where SWNT field-effect transistors (FETs) were utilized for 
the measurement of NO2 and NH3, SWCNT-based chemical sensors have been 
utilized to sense several species, gases and chemical vapors, like O2, VOCs, NO2, 
HCl and explosive analytes. 
Different typologies of CNT-based sensor devices have been realized, in the three 
main categories such as field-effect-transistors (FETs), chemicapacitors and 
chemiresistors. The latter ones are becoming extremely appealing for their not 
complex structure, low price and the precision of the measurements. 
A scheme of chemoresistive CNT sensors is displayed in Figure 11. 
 
 
Figure 11. Scheme of configuration of chemoresistive CNT sensors [55]. 
 
In the chemiresistive sensor showed in figure 11, CNTs act as conductive channels 
within the electrodes. The variations in conductivity between those two electrodes 
are measured for studying the sensing performances towards different species.  
There are some prinicipal methods that are typically used for the deposition of 
CNTs between the electrodes: by solid transfer, spraying, printing, drop casting or 
chemical vapor deposition (CVD) growth. The high sensitivity of CNTs sensors is 
a consequence of the fact that CNTs are constituted almost completely of surface 
atoms, and an extremelly little variation in the surrounding environment can result 
in a measurable conductance variation. 
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2.3.2 Sensing mechanism 
 
The CNTs sensing mechanism has been widely described by Fennell et al. [67]. 
According to this work, the adsorption of analytes onto the CNTs surface generate 
a variation in the conductivity caused by the phenomena depicted in Figure 12: the 
adjustment of the Schottky barrier at electrode-CNT junctions, the charge transfer 
between gas molecules and CNTs, and the increase in the CNTs–CNTs junction 
distance. 
 
Figure 12. Three ways of interaction between analytes and CNTs that result in a 
change in the conductivity of CNTs. (a) SWNT-electrode junction; (b) charge 
transfer among the SWNT and target gases; (c) intertube junction [55].  
 
CNTs act as p-type semiconductors under ambient conditions. Reducing species 
that furnish e- into the VB of CNTs, dropping the hole amount, cause a drop in the 
film conductivity. On the opposite, oxidant species like O3 and NO2 withdraw 
electrons from CNTs valence bond enhancing the amounts of holes in the CNTs, 
enhancing the conductance of the sensing film. An introduction of scattering sites 
can induce a reduction of the charge of CNTs, creating a variation in the 
conductance. A modification of the Schottky barrier can occur when analytes are 
adsorbed on the CNTs-metal interface. Generally, individual CNTs have not the 
requiredelongation to create conducting channels, so a connection of many tubes 
for the conducting channels take place during the sensing of target molecules. In 
the case gas molecules are successfully adsorbed on the junction between tubes, the 
conductivity of CNTs can be modified by manipulating the intertube junctions too. 
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2.3.3 Functionalization of CNTs 
 
CNTs exhibit great properties when they are used as sensing elements, even though 
the selectivity and the sensitivity for a specific gas is usually low since the 
interaction between target gas and the CNTs is weak. 
A successfully method to enhanceboth the sensitivity and the selectivity of this kind 
of material is through functionalization [68, 69]. 
Two principal strategies for thefunctionalization of CNTs surface are currently 
available: covalent and non-covalent functionalization [70]. In the former small 
organic species or metal NPs are covalently linked on the surface of CNTs, while 
in the latter one supramolecular complexation through wrapping and adsorptive 
forces are involved, like Van der Waals forces and stacking interactions.  
Generally, functionalized CNT sensors show higher sensitivity and selectivity 
towards target analytes comparing with the pristine CNT sensors. 
The covalent functionalization of CNTs could be realized with oxygen-containing 
groups like OH, COOH, CO onto the CNTs surface in order to link covalently 
specific molecules on the CNTs surface. When species like carbenes, diazonium 
ions and free radicals interact with the CNTs surface, they react immediately with 
the carbons of CNTs forming covalent bonds. The non-covalent functionalization 
doesn’t modify the configuration of the sidewalls of the nanotubes and the right 
electronic characteristics can be preserved. 
Organic polymers are widely utilized in carbon nanotubes gas sensors as sensitive 
film. The sensing mechanism of those functionalized CNT detectors involve a 
change in physical-chemical features of the polymers when they interact with target 
gas molecules. This phenomenon can perturb the conductivity of CNTs. 
Conducting polymers (e.g., polyaniline, polythiophene, polypyrrole and others) 
[71] are utilized widely thanks to the semiconducting properties, and in some cases 
even metallic. The density of e- in the conducting polymer can be modified after the 
adsorbtion of certain analytes. Metal nanoparticles present also interesting features 
that are applied in field such as chemistry, physics and electronics [72]. Some 
studies confirm that when CNTs interact strongly with metallic nanoparticles 
cluster of Au, Ag, Cu, Co, Ni Pt or Pd a consistent charge reorganization occurs on 
the surface of CNTs [73, 74]. This type of CNTs exhibit great sensitivity and 
selectivity to some analytes, like CO, NH3, H2 and others. Moreover, metal 
functionalization of CNTs results in a higher resistance to temperature and to 
harsher environments when comparing with the organic molecule-functionalized 
CNT sensors.  
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2.4 Conclusions 
In the last years, the demand for cheap, portable and ease-to use gas sensors for 
environmental ozone monitoring have increased sharply. In this chapter, a 
classification of different sensors was firstly proposed. Thus, the main 
characteristics of chemoresistive gas sensors were presented, with a special focus 
on ceramic and carbon-based materials. Advantages and disadvantages of those 
sensors were then discussed.  
The basic working principles and the effect of microstructure of the SMOx on the 
sensing features were reviewed. Furthermore, an overview of the main strategies to 
enhance the sensor response and the selectivity of the sensitive material were 
explained. 
In the next chapter, other methods for sensor preparation will be examined together 
with the measurement principles of the instruments utilized to characterize the 
selected materials. 
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Chapter 3 - Fabrication of sensors 
and materials characterization 
 
3.1 Fabrication of sensors 
 
Abstract 
Sensitive films are divided in thin film (<1µm of thickness) and thick film (>1 1µm 
of thickness). In this chapter, different deposition techniques are detailed, with a 
special focus of those used in this thesis for thick film preparation: i.e. dip coating 
and screen-printing techniques. A chemical sensor thick film typically constist on 
three parts: the sensitive film, the electronic circuit and the dielectric substrate. 
Thus, the operative conditions of a home-made dynamic system for sensor test 
towards different gases are displayed, and the main analytical technique used for 
material characterization are presented: laser franulometry, DTA-TG, N2 
adsorption, XRD, XPS, FESEM and TEM analysis. 
3.1.1 Substrate 
The main requirement for a substrate is to provide electrical insulation and 
mechanical support for the sensitive films and the electronic circuit. The principle 
considerations to choose the substrate are the following: 
➢ Dielectric constant: This parameter defines the capacitance of various 
materials prepared onto the substrate.  
➢ Thermal conductivity: If this parameter is high, substrates are suitable for 
applications at high temperature. 
➢ Thermal coefficient of expansion: It should be closely aligned to the 
sensitive elements and the other constituents. 
The most utilized materials for thick film technique are alumina (Al2O3), beryllia 
(BeO) and aluminium nitride (AlN), three ceramic meterials. Thus, Si has also been 
adopted in some transducer exploitations. Among them, Al2O3 is the most used 
substrate because of its physical-chemical properties and for its low price. Al2O3 of 
96% purity indeeed find application in the major part of commercial circuits all 
over the world. BeO has a great thermal conductivity but it is toxic, and it find 
application only in limited areas. 
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AlN is also characterized by great thermal conductivity and excellentmechanical 
properties. Finally, substrates of insulated stainless steel are adopted in some 
exploitations where a superior thermal dissipation and mechanical roughness are 
needed [1]. 
In this work, laser-cutted α-alumina substrates were used. They are manufactured 
by Al2O3 powder, mixtured with low quantity of SiO2, Mg (OH)2 and Ca (OH)2. 
These are also ball- or roll-milled for around 10 hours with solvents, lubricants and 
binders to provide precise mixing. Typically, the thickness of thick film substrates 
is lower than 1 millimeter (in the substrates utilized, it was equal to 0.38 mm), and 
the preferable way of fabrication is sheet casting. A slurry flows out onto a girdle, 
passing under a metal doctor blade able to control precisely the obtained thickness. 
Thus, the material is successfully dried in air for removing the solvent. Finally, the 
substrates are fired for at least 12 h at 1500∘C to sinter properly the material. 
 
3.1.2 Electronic circuit  
Their main function of the electronic circuit is to furnish interconnection between 
the different elements. Conductors supply the terminations for thick film resistors.  
The features of the electronic circuit depend on the composition of the active part 
of the ink. In general, these comprehend precious metals like Ag, Au, Pt or Pd. 
The size, shape and distribution of the particles impact the electrical characteristics 
of the fired layer too. 
Among electronic circuits, of interdigitated electrodes ehbit an enhanced contact 
area between the sensitive matarial and the electronic circuit. There are two types 
of layers: capacitive and resistive. 
3.1.3 Active layers 
Considering capacitive sensors, the sensitive film is a dielectric between two 
electrodes that are parallel each others, whereas in resistive chemical sensors, the 
sensitive film is a resistor between the same electrodes.As a consequence, the 
response of a capacitive sensor to stimuli is evaluated by a variation in the sensor 
capacitance, while the reaction of a resistive sensor to analytical stimuli is evaluated 
by alterations in the film resistance [2]. 
Capacitive chemical sensors usually necessitate a sensing element with modest 
conductivity for an efficient use as dielectric material. On the other side, resistive 
sensors are subjected to a current flow accross the sensing layer to accomplish an 
analytical measurement. When the sensing layer interacts with an analyte, its 
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conductance exhbits an alteration. Consequently, the resistance across a length of 
the layer is altered too. The film resistance varies when the sensor interacts with 
different quantities of analyte gas. A big serpentine gap area between the electrodes 
is an important advantage for both capacitive and resistive chemical sensors. 
Interdigitated electrode sensor can be patternedeled as a string of single resistors 
ordered in parallel. In Figure 1 an image of interdigitated electrode chemical sensor 
is illustrated. 
 
 
Figure 1. Interdigitated electrode chemical sensor [3]. 
 
In this thesis, thick films were fabricated by screen-printing technology onto α-
alumina ceramic substrates (Coors Tek, Golden, CO, USA, ADS-96, 96% Al2O3, 
0.85 cm x 1.7 cm) with Pt electrodes that are interdigitated each others (5545-LS, 
ESL, King of Prussia, PA, USA) over the dielectric substrate. The circuit was fired 
at 980°C (2°C/minute of rate) for 18 min obtaining a satisfying adhesion. In 
addition, the electrical conductance was optimized, in accordance with the 
recommendations of the manufacturer.  
The pastes for screen-printing were obtained by adding the sensitive elements with 
an organic vehicle (ethylene glycol monobutyral ether, Emflow, Emca Remex, 
USA), to obtain the right rheology and a proper viscosity, and polyvinyl butyral 
(PVB, Sigma Aldrich), acting as a momentary binder previously to firing stage. 
Subsequently to the screen-printing step with a 325-mesh mask of steel, sensors 
were dried at 80°C for 12 h. Thus, they were fired at the proper T for removing all 
the organic components and to guarantee the adequate adhesion onto the substrate 
at the same time. 
3.1.4 Influence of layer parameters on gas sensing 
The specific characteristic of film structure is depicted in Figure 2. 
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Figure 2. Models of diffusion processes in (a) thick layer and (b, c) thin layer. 
Reproduced with permission from [4], published by Elsevier, 2009. 
 
In evaluating the experimental results in literature, sensors realized by thin and thick 
film techniques possess their specific characteristics when interacting with the 
analyte, despite the tyoe of the gas sensing material. 
In accordance with [4], an enhancement of the layer thickness is correlated by either 
a decrease in O3 sensor response and a dropase in sensitivity to the reducants. Those 
results were obtained at 300°C. In addition, an enhancement in the layer thickness 
is associated to a decrease in the optimum working T of the sensor. For istance, 
when the film thickness is equal to several microns, under O3 exposure, the top 
layers of the SnO2 exploit as a filter [5], preventing a deep penetration of O3 into 
the sensing element. 
Improving the sensitivity at low working T is a way to decrease energy consuption 
increasing the service life of thick film sensors. Nonetheless, such a variation is 
matched with higher response and recovery times, in agreement with an 
investigation of the velocity of sensor response. 
However, thin films are not characterized by the same porosity of sensors realized 
by ceramic or thick film techniques [6]. 
For decreasing sensor τads and τdes, thin films can be selected. Here, the sensitivity 
is delimited by the performance of surface phenomena, whereas the gas diffusion 
in the sensing layer (that restricts the velocity of sensor response) has no impact on 
the sensor response. However, when the velocity of sensor response is not a crucial 
parameter, thick films can be selected for the sensor design, since they furnish 
higher sensitivity at lower operating temperatures. 
Finally, the decrease of film thickness and grain size are the prefereed methods to 
optimize the time constants of the major part of gas sensors. 
The adhesion of the film over the substracte is essential for practical use in 
environmental monitoring. This ensures an efficient ohmic contact between the 
sensitive film and the circuit. 
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According to their structural characteristics, thin films are classified into two 
different categories: single crystals and polycrystals. The former ones are not 
commonly utilized as gas sensors since they do not present grain boundaries and as 
a result, they exhibit only modest changes of electrical resistance when exposed to 
oxidants and reductants [7]. Furthermore, the later ones are more appropriate as gas 
sensors. Charge transport occurs through grain boundaries. This is one of the 
principal phenomena that govern the sensor response towards oxidant and reducing 
gasses. For instance, Dibbern et al. [8] demonstrates that the growth parameters of 
thin films deposited by r.f. sputtering strongly influence their response to gasses. 
The deposition of an active layer into a substrate is one of the crucial steps for the 
realizetion of the sensor device. After that, firing is a necessary step for achieving 
a film that is homogeneous and stable. Structural alterations can occur to the 
material during the process of firing (e.g. increasing the grain size by heating).  
Moreover, the concentration of grain boundaries is a critical parameter in the 
sensing characteristics. The alteration of the crystallite size could affect directly the 
mobility and the amount of charge carriers modifying the sensitivity of a metal 
oxide towards a target gas. 
Nowadays, a wide range of deposition techniques for preparing chemical sensors 
devices are available: from sol-gel techniques to sputtering, from thermal spraying 
to screen-printing, from spin-coating to drop-coating methods. 
The actual limits of existing chemoresistive sensors have involved the requirement 
of valid options and in the last years, nanomaterials have exhibited the possibility 
to transform deeply the gas sensor technology [9]. 
 
3.1.5 Sol-gel technique 
 
A sol is a stable suspension consisting in colloidal particles in a liquid, and a gel is 
a porous 3-D network that evolves into a liquid. Gel is produced in the case the 
dispersion into the suspension becomes rigid [10]. 
The sol-gel chemistry is divided in two different routes:  
➢ gelation of colloidal particles  
➢ alkoxide precursors hydrolyzed and then polycondensated succeeded 
by a hypercritical drying or aging at room T. 
Through sol–gel steps, distinct coatings can be developed, from thicknesses of a 
few nm to tens of µm on distinguishing substrates. A scheme of this procedure is 
displayed in Figure 3. 
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Figure 3. Sol gel method scheme [11]. 
 
Firstly, a mixture is prepared. It is generable by mechanical blending of colloidal 
particles in H2O in a pH range that prevent any precipitation or by hydrolyzing a 
precursor of metal alkoxide, following the M(OR)x where R is indicating a 
hydrocarbon and M the metallic compound.  
Different synthesys routes can be followed, together several reagents and operative 
conditions. 
The gelation is a certain period (from hours to days), in which the poly-
condensation keep on decreasing significantly the porosity. After the aging of the 
gel, a drying step must be performed resising to crack formation. During the drying 
stage, stresses could result in cracks except if the drying stage is checked by 
decreasing the liquid surface energy with surfactants or by pores elimination [12]. 
The last step for sol–gel coatings is the densification. In many studies an 
enhancement of the crystallite size when the temperature of calcination was raised 
and succeeded by a drop in the sensing behavior was reported. 
 
3.1.6 Sputtering technique 
 
Sputter deposition is an extensively utilized technique for thin layer deposition into 
substrates. The tecnology consist on a bombardment of ions on a source material, 
i.e. the target. This results into a vapor phase for totally physical process, i.e. the s 
target sputtering. This is a physical vapor deposition technique. They include both 
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thermal evaporation and pulsed laser deposition. The most used methodology to 
grow thin films by sputterring consist in the utilization of a magnetron source whose 
target is bombarded by cations in plasma of a magnetically enhanced glow 
discharge. An image of PVD (Physical Vapor Deposition) is displayed in Figure 4.  
 
Figure 4. Scheme of sputtering process [13]. 
 
The target can be supplied in diverse modes, using radio frequency (RF) for targets 
that are nonconductive, or direct current (DC) for targets that are conductive, until 
different methods of applying voltage and/or current impulses to the target.  
The addition of specific chemical compounds for the deposition of a layer should 
be performed ad hoc byadding reactive gas to the plasma, i.e. reactive sputtering. 
The unpleasant interaction between reactive species and the target material results 
in a nonlinear behavior of the deposition parameters in dependence of the reactive 
gas flow. For modeling this attitude, the fluxes of the different species to the target 
should be defined. At the same time, it is important to adjust the flows of the 
incident species on the substrate since they impact the reactive sputter deposition 
procedure controlling at the same time the growth of the desired film [14]. 
 
3.1.7 Thermal spraying technique 
 
The thermal spraying techniques consists in the preparation of a coating where 
materials that are heated or melted are sprayed onto a surface. The "feedstock", i.e. 
the precursor of the coating, is heated by an electrical carry - plasma or an arc- or 
with a chemical agent like a combustion flame. 
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With this technique, it is possible to obtain thick coatings (from 20 µm to many mm 
of thickness) over a large area at high rate of deposition in comparison to other 
procedures of coating, i.e.  physical and chemical vapor deposition. There are many 
materials accessible for thermal spraying: from ceramics to metals, from alloys to 
plastics and composites. They are in different conditions, from powder or wire, 
heated to a molten state. Then they are speeded up towards substrates in the form 
of microparticles. The most utilized energetic sources of energy for thermal 
spraying are combustion and electrical arc discharge. The obtained coatings constist 
in an accumulation of a great number of sprayed particles. The surface usuakly does 
not heat up significantly, permitting to coat flammable substances too. 
The quality of coating is typically improved by controlling its content in oxide, its 
porosity, macro and micro-hardnesses, together with the bond strength and the 
surface roughness. In general, the grade of the coating is higher when the speed of 
the particles is increased to more than 40 m/s.  
Amongst the thermal spray approaches, the cheapest and simplest for the deposition 
of the coating is the flame spraying (combustion spraying). An illustration of this 
technology is displayed in Figure 5. 
 
Figure 5. Scheme of flame spray process [15]. 
 
The process consists in the reaction of O2 with a fuel of combustion (H2 or C2H2) 
to generate a heat source that produces a gas stream. 
The feedstock that is sprayed is fed into the flame as a wire, and compressed air is 
utilized subsequently in order to atomise the molten with the accelerated particles 
into the substrate. In the combustion powder process, the only differentiation is that 
the powder substitutes the wire feed stock. This technique may also be utilized to 
create porous structures. The main advantage of this technology is that a large 
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choice of coatings can be prepared from an overall range of materials in the powder 
form. The limit of the flame spray process is the use of materials with elevated 
temperature of melting compared to the flame and the decompositions must be 
avoided. It is possible to obtain porous coatings with low bond strength of deposit 
and low adhesive power between coating and the substrate.  
 
3.1.8 Spin coating method 
 
Spin-coating is a widely utilized approach to apply liquid coatings upon a rotating 
substrate. A characteristic spin-coating method is constituted by four basic stages 
that are schematically illustrated in Figure 6. 
 
Figure 6. Scheme of the four stages-spin coating deposition [16]. 
 
Spin coating typically includes the exploitation of a film (from few nm to few µm) 
regularly through the surface of a substrate by coating a solution of the desirable 
sensitive element in a solvent (an ’ink’) when the system is spinning. 
➢ In the deposition step (a), the coating ink with the desired material and a 
proper solvent is firstly applied onto the substrate. The quantity of applied 
liquid is a function of the liquid viscosity and on the dimension of the 
substrate.  
➢ During the acceleration stage (b), a centrifugal force disperses the ink 
through the substrate. The rotating velocity is regulated at a proper value 
based on the requested layer thickness, since the thickness of a spin coated 
film is inversally proportional to the rotating speed squared. 
➢ The coated substrate is spunned quicker (c). The ink flows radially outer, 
while the surplus liquid streams to the perimeter and get off as droplets.  
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➢ In the last step (d), the solvent evaporates leaving just the target molecules 
on the surface.  
This method finds application in several industries and technology areas. The pros 
of this technique are their possibility to generate very uniform films in an easy and 
quick way.  
The utilization of spin coating in nanotechnology and organic electronics is 
increasing in last decades.  
It is employed to coat substrates with many materials, from organic semiconductors 
to photoresistors, from insulators to nanomaterials, from synthetic metals to 
transparent conductive oxides and metal oxide precursors. It is omnipresent across 
the semiconductor R&D/Industrial sectors. 
The pros of spin coating are the simplicity of the process formulation and the thin 
and uniform coating achievable. In addition, the high airflow brings fast drying due 
to the high spin speeds, resulting in a great constancy at either macroscopic and 
nanometric levels. 
The main limit of this technique is that the quick drying procedure can also result 
in modest performance for some specific nano-technologies (e.g. small molecule 
OFETs). They need time to crystallize and/or self-assemble. Finally, the actual 
material uses in this process is generally less than 10%, and the remaining is wasted.  
Despite these drawbacks, spin coating is an effective and important technology for 
realization of thin film and with a little practise it can be used to produce film that 
are uniform and of high-quality. 
 
3.1.9 Drop coating route 
 
In addition to spin coating technique, another deposition method that is extremely 
suitable for thin film realization is dip-coating method. 
This method needs to immerse the substrate in a solution of precursor. After 
interaction with the liquid, the substrate is tuck up realizing the deposition of a thin 
film. In this method, the velocity of removal has a relevant effect in the thickness 
of the coating. A scheme of dip coating technique is displayed in Figure 7. 
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Figure 7. The four stages of dip coating method [17]. 
 
Firstly, a sample is submerged vertically into the coating solution. Subsequently, it 
is withdrawed at a speed adjusted according to some parameters such as the surface 
tension, the viscous force and the gravity of the solution. 
In dependence of the speed of sample withdraw, film thickness is adjustable 
considering the relation between the viscosity and the gravity causing adhered 
liquid to fall. A uniform thin film is generated after removing the surplus of solution 
by drying and firing. By dip coating method, it is possible to coat both sides of the 
substrate in a single process, with smaller loss of coating liquid and lower quantity 
of coating liquid needed. Moreover, comparing with spin coating methods, it is 
compatible with all shapes of substrates. Furthermore, it is a cost-effective approach 
since, differently from dry processing approaches, expensive facilities such as 
vacuum furnaces are not requested. With dip coating, increased processing volumes 
and capacity of production can be accomplished. 
In this thesis, screen-printing and dip coating methods were deployed to produce 
thick-film sensors in a cheap, easy and reproducible way. 
 
 3.1.10 Screen printing technique 
 
The manufacture of the thick-film sensors is an additive process involving the 
deposition of one or more layers of the ink onto an electrically insulating substrate.  
It is well known that printing technologies find application in high-tech form and 
are used to produce a broad range of devices and components which are: 
➢ Electric discrete components (wirings, bus-bars, electrodes, resistors, 
inductors, antennas, capacitors) 
➢ Active electronic devices (solar cells, transistors, photo-diodes, OLED) 
➢ Memory devices (ferroelectric capacitors) 
➢ Energy storage (batteries) 
➢ Sensors (physical, chemical) 
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➢ Flexible hybrid systems (printing+SMD) 
Moreover, by screen-printing technique sensors basedon different sensing 
principles are printable: capacitive, resistive, inductive, amperometric, 
voltammetric, impedance, thermoelectric, piezoresistive, piezoelectric, 
photoelectric, pyroelectric, resonant and optical. 
Also known as serigraph printing, serigraphy and silkscreen, the screen-printing 
technique is one of the anciest methods of printing – and at the same time, one of 
the methods with the greatest future ahead of it. The first serigraphic fabrics were 
made of silk, that generates the name of this technology. It is based on a simple idea 
that could be easily transfered to a huge variety of materials. 
In this method, a screen is utilized for keeping the ink applied from certain areas of 
a surface being printed: i.e. only regions permit the paste through onto the substrate. 
In fact, the screen is impermeable to the ink, except for the designed image. The ink 
passes through the screen, under the action of a squeegee, resulting in a printed 
image of the desired design transfered on the substrate. It is a versatile technique 
with a reliable control on the film thickness and a great durability, even if it requires 
usually the machine to set up. In the last years, screen printing has become a widely 
used commercial process. A scheme of the component of a screen-printing machine 
is depicted in Figure 8. 
 
Figure 8. Components of the screen-printing technique Image: Harry Wad [18]. 
 
Nowadays, the screens are produced with synthetic polyester or steel mesh. The 
mesh is pre-processed, by immersing it in a purpose-blended emulson sensitive to 
light and kept for drying in a dark-room. After the emulsion preparation, a dark 
print-out negative of the model to be printed is placed on the mesh and it is exposed 
to a strong light: the light hardens further the emulsion, but the dark color avoids 
the light from reaching the regions across which paste will need to be cut out. The 
screen is subsequently washed with H2O, and the non-hardened regions are flushed 
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away, leaving non-coated membrane gaps that can hold paste, but cross which paste 
can also be pressed. 
The screen-printing technique is a non-contact-type of printing technology and can 
be applied to almost any kind of material: conductors (Ag, Cu, Au, Pt…), organic 
and inorganic semiconductors (Poly (3,4-ethylenedioxythiophene)- PEDOT, 
Poly(3-hexylthiophene)- P3HT, Silicon...), organic and inorganic materials and 
dielectrics (Polystyrene PS, Poly(methyl methacrylate)-PMMA, 
benzocyclobutene-BCB, oxides…). 
The screen fixed the pattern of the printed film measuring at the same time the 
amount of ink deposed upon the insulating substrate. Typically, the screen 
comprehends a frame, made in stainless steel or cast aluminum, where a finely 
woven mesh is tightened. 
The mesh is generally constituted by a flat surface weave pattern, as shown in 
Figure 9. 
 
 
Figure 9. A plain weave pattern of a typical thick layer screen [19]. 
 
Generally, there are 200 strands per inch in a typical mesh: the mesh opening is 
dependent on the mesh number and on the diameter of the filament. For a fixed 
mesh count, a shorter filament diameter results in a bigger mesh opening that permit 
a higher volume of paste to be deposited on the selected substrate. Therefore, the 
gap between the mesh furnishes a way to control the thickness of the deposit. 
The following equation 1 quantifies the percentage open area of mesh across which 
the paste can pass through (%): 
%:⁡
100𝐴2
(𝐴+𝐷)2
       (1) 
where A represent the aperture of the mesh and Dis the diameter of the filament. 
A cross-section of a mesh is depicted in Figure 10. 
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Figure 10. Cross-sectionional side view illustration of the process from top to 
bottom chronologically in the fabrication of a screen-printed device supported by 
a substrate [20]. 
The schematic diagram of the sensors preparation by means of the semi-automatic 
screen-printing instrument utilized in Politecnico’s laboratory is outlined in Figure 
11, together with the screen-printing masks of the platinum electrodes and the 
sensitive film. Particularly, the screen’s patterns can be diversified depending on 
which materials has to be deposited.  
The utilized screens were all constituted by stainless steel having apertures of 270 
mesh, that corresponds to 53 μm. 
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Figure 11. Schematic diagram of sensors preparation by means of the screen-
printing technique [21]. 
 
Each paste utilized to produce thick films is constituted by three main components: 
the sensing material, the solvent and the binding phase. The solvent is typically an 
organic vehicle, that furnishes a homogeneous suspension of the sensing material 
particles achieving a suitable rheology to print the desired film pattern. The organic 
vehicle is therefore a momentary, ‘sacrificial component’, that must be fully 
eliminated in the successive stages of the process, when the film microstructure is 
structured. 
The rheological behavior characteristic of a screen-printing paste is represented in 
the next Figure 12. 
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Figure 12. Changes in the ink viscosity at different stages of the printing process 
[22]. 
 
An ink presents a thixotropic reological behavior, since it must simply pass across 
the weaves of the screen. The action of squeegee should reachieve its initial 
viscosity. In this way, the deposit held the shape of the apertures of the screen when 
it is on the substrate. In accordance with figure 8, the viscosity of the ink must 
decrease during the action of the squeegee, and later it must quickly augment 
passing through the screen, returning to its initial condition. 
The process of removal of the sacrificial components consists in two stages: the 
drying and the firing steps. 
Typically, these two processes are essential for the sensor fabrication: after 
deposition, the electrodes and/or the film are placed in air for few hours, to allow 
the paste to level out and stand. The objective of drying is to produce an adherent 
printed film onto the substrate without removing the organic solvents at this step. 
The organic vehicle is still present in the paste and drying takes place at 80-150°C 
in an oven. 
After drying, the firing stage takes place. It is a step where the electrodes or the 
printed films are heated at elevated temperatures and the components of the paste 
are decomposed thermally. This led to a visible shrinkage of the film: the thermal 
program is typically studied depending on the sample considering the efficiency of 
adhesion between the sensitive film and the ceramic substrate.  
In laboratory, a mixture of terpineols, ethylene glycol monobutyral ether (Emflow, 
Emca Remex, USA) was utilized as organic vehicle for realizing the inks of the 
screen-printing deposition. In addition, the binding phase was poly-(vinyl butyral-
co-vinyl alcohol-co-vinyl acetate) (PVB, Aldrich, USA), that provides the plasticity 
to the ink guaranteering the proper adhesion of the film onto the substrate at the 
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same time. Typically, for the preparation of 1 g of the basic component ink, 0.053 
g of PVB and 1.2 cm3 of Emflow were added: the binder and the solvent were mixed 
together for obtaining a homogeneous viscous liquid. Subsequently the sensing 
material powder was added to the solution forming a dense paste, printable onto the 
substrate. In the architecture developed to create the ceramic sensors devices, the 
sensing films were deposited onto 0.38 mm thick commercial α-Al2O3 substrates 
(Coors Tek, USA, ADS-96 R, 96% alumina, 0.85 cm × 1.7 cm2) equipped with Pt 
electrodes that are interdigitated and screen-printed over the substrate, where the 
sensitive film overlapped them. The size of the interdigited circuit is 6 × 8 mm2 
with 0.45 µm of electrode width, 1.6 mm of inter-electrode spacing and 6 µm of 
electrode thickness as shown in the next Figure 13. 
 
 
Figure 13. Scheme of the chemical sensor fabricated by screen printing: (a) front 
view, (b) side view. The proportions between the components are exagerated for 
explanatory purpose, whereas the quotes are refered to the real sizes. In the image, 
solid black lines are platinum interdigitated electrodes, dark grey is the film of the 
sentivite material, and the white area represent the α-Al2O3 substrate [23]. 
 
Starting from a commercial platinum-Pt paste (5545-LS, ESL, King of Prussia, PA, 
USA), the Pt paste was screen-printed onto α-Al2O3 substrate by means of a rubber 
squeegee after cleaning the substrate in ethanol by 5 minutes of sonication. The 
electrodes, after drying foe 12 h, were fired at 980°C for 18 min (2°C/min of heating 
ramp) in order to optimise their electrical conductance and their adhesion over the 
ceramic substrate, in accordance with the recommendations of the paste’s 
manufacturer.  
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3.2 Sensors test 
 
After fabrication of the sensors, they were tested in a regulated home-made gas 
flow system schematized in Figure 14. 
 
 
 
Figure 14. Home made system for sensing testing [24]. 
 
O3 was produced from synthetic dry air bottles (SIAD, Bergamo, Italy; research 
quality gases) by the UV lamp (SOG-01, Ultra-Violet Products LTD, Cambridge, 
UK), through concentration amounts from 0.2 until 0.5 ppm in step of 0.1 ppm. The 
O3 generators use the photochemical reaction of the 185 nm emission line of Hg to 
generate O3 from O2. A unit is based on a persistant source of radiation at 185 nm, 
a reaction tube in quartz and a radiation housing. The radiation source is a Pen-Ray 
Hg lamp put into the radiation housing and an external power supply. This 
arrangment can be equipped both with a supply of oxygen or dry air, providing a 
strong source of O3 for hundreds of hours of operation. In the device a shield is 
present, and by modulating the length of lamp exposed, it is possible to generate a 
precise O3 concentration in accordance with the manifacturer’s calibration curves. 
O3 possible losses caused by reactions in pipelines and in the testing chamber were 
avoiding by using proper polymers such as polyvinylidene fluoride (PVDF) and 
polytetrafluoroethylene (PTFE) tubes. 
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Tests were realized under a uniform airflow rate of 1000 SCCM (standard cubic 
centimeter) of dry air. The analyte gas was diluted with air through four flow meters 
(Teledyne Hastings Instruments HFM 300, HFC 302, USA).  
In the course of measurements in a dynamic flow apparatus, film impedance 
(magnitude and phase) and resistance were measured with LCR meter (Hioki 3533-
01, Nagano, Japan). Impedance was recorded at a constant frequency of 1 kHz 
imposing an AC tension equal to 1 V. The fabricated devices were put in a glassy 
chamber of 100 mL covered with silver paper in order to avoid interaction of the 
sunlight in the test chamber. A Ni-Cr wire was situated underneath the device in the 
glass bottle with the heater, and the sensor T was checked with accuracy by 
modulating the DC power (Peak Tech, China) through the coil in accordance with 
the power/temperature calibration plot carried out with a Pt1000 thermistor.  
Different analyte gases were injected singly into the test chamber for cross-
sensitivity test at the optimum operating temperature. 
At the selected temperature, the measured impedance under synthetic dry air was 
observed for 4 minutes, after stabilization of the baseline impedance in dry air for 
a couple of hours. The analyte gas was then inserted in the test chamber until the 
equilibrium was reached. Finally, the desorption of the target molecules was also 
studied by injecting dry air in the testing chamber until a new equilibrium is 
reached. 
 
3.3 Material characterization 
 
In this paragraph, the experimental procedures realized for the characterization of 
the gas sensitive materials id described. Nano and micro-caracherizations were 
accomplished by laser granulometry, DTA-TG, N2 adsorption, XRD, XPS, FESEM 
and TEM analysis.  
 
3.3.1 Laser granulometry 
 
When a laser ray beats the particles suspended in a medium (in these analysis 
ethanol), the produced scattered rays have an intensity and a scattering angle that is 
dependent on the particle size. 
In Figure 15, a scheme of a laser granulometer is depicted. 
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Figure 15. Scheme of a laser granulometer [21]. 
 
The instrument used was a Mastersizer 3000. It is constituted by the principal 
optical section, a dispersion unit and a measurement cell.  
The optical unit transmit red and blue lights across a sample, and it uses its detectors 
(photodiodes) to produce data about the light scattering pattern generated by the 
particles that constitues the sample. 
The data are analyzed by the Mastersizer software to furnish informations about 
particle size with accuracy. The additional blue light utilized on Mastersizer 3000 
supplies enhancements in the analysis resolution under 1 micron in size. The Mie 
theory is adopted by the instrument to extrapolate the particle size distribution in 
volume. It considers either the diffraction and the refractive indexes of the solvent 
and the sample.  
A wet dispersion unit was used controlling the dispersion of a sample suspended in 
a solvent. 
The measurement cell is the interface between the dispersion and the optical units. 
The sample is directed between test windows in the cell to permit the laser to pass 
across it by performing a measurement. 
The Mastersizer application software is the heart of the system. It commands the 
optical and dispersion units processing the raw data assembled by the system, 
furnishing data analysis and reports. 
In this thesys, the particle size distribution of samples was measured through laser 
granulometry technique (Mastersizer 3000, Malvern, Worcestershire, UK). The 
analysis wer carried out after dispersion of the powders in EtOH and subsequently 
sonication for 5 min.  
 
3.3.2 DTA 
 
DTA consists typically in heating or cooling a powder together with a reference 
under the same conditions, measuring any variation in temperature between the 
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reference and the sample. This variation depends on the time and/or temperature. 
Variations in the sample that are related to adsorption or evolution of heat are 
detectable. Alterations in T can spring out between two samples that are inert in the 
case their response towards the selected heat ramp is not the same. DTA is 
exploitable to investigate thermal characteristics and phase alterations without 
variations in enthalpy. The baseline of the DTA signal should displays 
discontinuities at the transition temperatures and the slope of the curve in dependent 
on the microstructe at each temperature. 
The area beneath a DTA signal can be generated by variations in enthalpy and it is 
not influenced by the heat capacity of the powder. The principle characteristics of 
a DTA are the following: 
➢ Sample holder equipped with thermocouples, sample holders and a metallic 
or ceramic block 
➢ Furnace 
➢ T programmer 
➢ Recording system. 
The last three elements are the crucial conditions of the furnace are that it should 
supply a stable and large hot area and should respond quickly to instructions from 
the temperature programmer too. It is fondumental to achieve constant rates of 
heating. The recording system must have a modest inertia to reliably repeat changes 
in the experimental set up. In the Figure 16, a scheme of DTA cell is portrait. 
 
 
Figure 16. Scheme of DTA cell [21]. 
 
The sample holder is based on a thermocouple for either the sample and the 
reference, surrounded by a slab to allow distribution of heat. The sample is put in a 
little crucible (in this case made of Pt) equipped with an indentation on the base to 
permit a compact fit over the thermocouple bead. The crucible is realized by 
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materials such as Pyrex, silica, alumina, nickel or platinum, in dependence on the 
type of the tests. The thermocouples should not be placed directly in contact with 
the sample to prevent contamination. 
Metallic blocks are less affected by drift on the baseline comparing with ceramics 
that contain residual porosity. Nevertheless, their great thermal conductivity brings 
to smaller DTA signals. The sample assembly is detached from any electrical 
interference by the furnace wiring with an earthed case, often fabricated with Pt-
coated ceramic materials. It can also be utilized for containing the sample in a 
regulated atmosphere. When the test temperature is between 200 and 500°C, issues 
can arise in transferring heat equally away from the specimen. These can be 
controlled with thermocouples as flat discs to guarantee optimum thermal contact 
with the flat-bottomed sample holder, made of Al or Pt sheet. Finally, it is 
mandatory to assure that the thermocouple and holder are compatibly put with 
respect to each other to guarantee reproducibility of measurement. 
DTA-TG (STA 409, Netzsch, Selb, Germany) was carried out on powders with a 
rate of heating equal to 10°C/min in static air.  
 
3.3.3 N2 adsorption 
 
In 1938, S. Brunauer, P. H. Emmett and E. Teller presented a scientific article about 
their theory ‘BET’ [25] where the acronym describes their family names initials. 
This work was the starting point for a crucial analysis for the measurement of the 
specific surface area (SSA) of a material. 
This theory extends the Langmuir theory (that is valid for molecular adsorption of 
monolayers) to adsorption of multilayer with some assumptions: 
➢ Gas molecules can adsorb physically onto a solid in infinite layers. 
➢ No interactions between different layers occur. 
➢ The Langmuir theory is exploitable at each layer. The resulting BET relation 
is explicited by equation (2): 
 
 (2) 
In the equation, P and P0 are respectively the equilibrium and the saturation pressure 
of adorbates at the adorption T, Vm is the monolayer adorbed amount and c is the 
BET constant, coming from the following relationship (3): 
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 (3) 
 
Here, El is the adsorption heat of the top layer, and EL is the adsorption heat of the 
second layer and corresponds to the liquefaction’s heat. 
The equation (2) represent an isotherm of adsorption and can be draw as a straight 
line with 1/v[( P0/P)-1] in the y-axis and  ϕ: (P/P0) in the x-axis in accordance with 
the experimental results as illustrated in Figure 17. 
 
Figure 17. Representation of a BET plot [25]. 
 
The figure 17 represent the BET plot. The linear correlation of this equation is 
kept solely in the interval 0.05 < P/ P0 < 0.35. The slope A and the intercept with 
y-axis I are utilized to estimate the monolayer adsorbed gas quantity Vm and the 
BET constant. The equation (4) and (5) are used: 
 (4)  
 (5) 
The BET theory is largely utilized in surface science for the calculus of surface 
regions of solids by physical adsorption of different gas species. A whole surface 
area Stotal and a specific surface area S are calculated by (6): 
(6) 
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In which Vm is in volume units, that are the units of molar volume of the adsorbate 
gas too (7): 
(7) 
 
Where N is number of Avogadro, s is the adsorption cross-section of the adsorbing 
gases, V corresponds to the molar volume of adsorbate gas in the mass of adsorbent 
in (g). 
N2 adsorption and desorption isotherms were recorded with an ASAP2020, 
Micromeritics ASAP 2020 Plus Physisorption (Norcross, GA, USA), at the 
constant T of -196°C. Before N2 adsorption–desorption analysis, samples were 
degassed at 150 °C for 8 h. In addition, Brumauer–Emmett–Teller (BET) theory 
was exploited to define the SSA of the investigated materials.  
 
3.3.4 XRD 
 
X-rays are electromagnetic waves with λ between 0.01 and 10 nm and energies 
between 100 eV and10 MeV. These can act as particles in accordance with the 
quantum theory. X-rays were found by Roentgen in 1885. They are generated in an 
X-ray tube consisting in a filament of tungsten. E- are produced by the W filament 
by thermionic discharge and they are constituted to hit on the anode by supplying a 
tension. After the bombardment of electrons on the target, X-rays are generated to 
escape from the tube as displayed in Figure 18. 
 
 
Figure 18. Scheme of an X-ray tube for the production of X-rays [26]. 
 
In the figure, the X-ray tube holds the filament F, the target T and the windows W 
across which X-rays leave the tube generated from Mo target as a consequence of 
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the supplied tension. Two typologies of signals are possible. The formers are the 
white signals whereas the latters are characteristic radiations Kα and Kß. In X-ray 
diffraction investigation, solely the characteristic part of the X-ray spectrum is 
suitable. For this reason, it is necessary to eliminate the white part. This is 
accomplished by the application of filters. Typically, the filter chosen is of 1 atomic 
number smaller compared to the anode utilized for the production of X-rays. A 
scheme of Cu radiation before and after going through a Ni filter is represented in 
the Figure 19. 
 
 
Figure 19. XRD pattern of Mo vs the applied tension [27]. 
 
When X-ray beam is incident onto the samples, four processes can happen in 
accordance with the Figure 20. 
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Figure 20. Interaction of X-rays with materials [28]. 
 
In fact, part of the X-rays go by the incident material (transmittance), others result 
e- that are injected for photoelectric effect, some generate X-ray fluorescence 
whereas others are scattered in several directions coherently or incoherently. The 
formers are utilized in the standard X-ray diffractometry in the analysis of materials 
composition. 
The X-ray tubes are set up in the X-ray diffractometer apparatus utilized to perform 
the XRD investigation. A monochromatic ray of Kα radiations is attached to the 
samples after going across the collimator and an antiscatter slit. X-rays are scattered 
in several directions and they come into a counter of X-ray typically put at the 
identical angle of the incident beam. 
The main elements of an X-ray difractometer are depicted in the Figure 21. 
 
.  
 
Figure 21. Schematic of a typical diffractometer [28]. 
 
They embrache an X-ray source F, a sample holder S and a detector G, Rowland 
circle going across F (target focal spot), S (center point of diffractometer) and G 
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(the focal point of the diffracted ray), the divergent slits DS, the scattering slits SS 
and the receiving slit RS [28]. 
The X-rays elastically scattered from a crystal lattice are erasable each others in a 
destructively, or they can sum each others in constructive interference. Bragg’s law 
explains these diffractions as (equation 8) and Figure 22: 
𝑛𝜆: 2𝑑𝑠𝑒𝑛𝜃 (8) 
Equation 8 is the notorious equation of Bragg in which d is interplanar distance, 𝜃 
is the incident angle, λ is the wavelength of the incident X-rays and n is an integer 
number. 
 
Figure 22. Interference of X-rays scattered by crystals [28]. 
 
In our case, the sample holder is fixed and both X-ray source and the detector spin 
with a velocity ω, and I-θ are obtained. The diffractometer is called θ- θ type 
diffractometer. 
The diffraction patters attained through the XRD investigation can be analyzed to 
gain useful informations about the material. From angular position (2θ) of the 
diffraction pattern signals, the crystal system can be studied, together with the 
spatial group symmetry, phases and unit cell. From the intensity (I) of the 
diffraction peaks, informations concerning the nature of the unit cell, quantitative 
composition of the mixture, point symmetry and the preferred orientation and 
texture are achieved. Thus, from studies of the width peak and profile, informations 
about the crystallite size between 1 and 100 nm, defects, texture and residual 
stresses can be obtained. 
XRD was also carried out on the most interesting powders. In some cases, the 
analysis was performed adding quartz (SiO2) acting as an internal standard, in order 
to investigate possible shifts in the diffraction spectrum afer doping. Spectra were 
recorded on a Pan’Analytical X’Pert Pro instrument (Pan’Analytical, Almelo, The 
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Netherlands) with Cu K radiation (0.154056 nm) between 5 and 70° of 2θ, with a 
0.0065° of 2θ step size and 23 s of acquisition time per step. Diffraction patterns 
were then indexed with the Powder Data File database (P.D.F. 2000, International 
Centre of Diffraction Data, Newtown Square, PA, USA). The generator tension and 
current were fixed respectively to 40 kV and 40 mA. 
The mean crystallite size was evaluated in accordance with the Scherrer equation, 
with the aim to compare the obtained results with those available in the state of the 
art (eq. 9):  
 
D = kλ / βcosθ  (eq. 9) 
where k is a constant = 0.9, λ is the Cu Kα wavelength (0.154056 nm), θ is the half 
of Bragg (radiants) and β is the full width at half maximum of the signals, that are 
usally correlated with the crystallite size,   defects of the sample and signal 
broadening produced by the instrument [29]. 
 
3.3.5 XPS 
 
A scheme on an X-ray photoelectron spectrometer (XPS) is illustrated in Figure 23. 
 
Figure 23. XPS analyser [30]. 
 
X-ray photoelectron spectroscopy (XPS) is a surface qualitative and quantitative 
spectroscopic technology that evaluate the elemental composition at ppt range, 
empirical formula, electronic and chemical states of the elements. Furthermore, 
with XPS it is possible to measure which bonds are presents between the elements. 
The denetration is around 20 nm into a material. 
XPS analysis is realized after irradiation of a sample with a beam of X-rays. In the 
meanwhile, the kinetic energy and e- that outflow from the material are measured. 
XPS needes high (P ~ 10−8millibar) or ultra-high vacuum (UHV; P < 10−9 millibar). 
XPS is a valuable tool to investigate the surface chemical properties of a sample. 
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XPS is called ESCA (electron spectroscopy for chemical analysis), an acronym 
invented by the research group of Kai Siegbahn to accentuate the chemical 
informations that this technique can provides. 
By XPS all elements are in principle detectable. LOD of ppm are feasible, but it 
requires particularial conditions like the concentration at topmost of the surface or 
prolongated collection time. 
In the present thesis, XPS investigations were carried out with a PHI 5000 
Versaprobe (Physical Electronics, Chanhassen, MN, USA) scanning X-ray 
photoelectron spectrometer (monochromatic Al Kα X-ray source with 1486.6 eV 
energy, 15 kV of tension, and 1 mA of anode current) to study the chemistry at the 
surface of the selected materials. 
 
3.3.6 SEM 
 
Scanning electron microscopes (SEM) have grown as an essential technique in 
materials characterization. SEM is a microscope that use a focused beam of e- to 
produce particulars in HR of the materials under investigation. For the extremely 
short wavelength of bombarding electron beams, SEM possess a superior resolving 
power than the optical microscopes [31]. The scheme of a SEM labeled with the 
main cmponents is depicted in Figure 24. 
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Figure 24. Schematic setup of Scanning Electron Microscope [32]. 
 
There are seven main steps for this process of imaging: 
➢ A flow of free e- is generated in an electron gun. It is based on a tungsten 
filament cathode that produces these e- by thermionic emission. 
➢ The flow of e- from the electron gun is accelerated in an optical column with 
an elevated tension at the anode. 
➢ Condenser lenses transform this flow of e- into a beam of electrons. 
➢ The current of the beam is managed by the condenser lenses and the 
regulation of the aperture of the beam. 
➢ A stigmator is utilized to get rid of the ellipticity of the e- beam. 
➢ An ultimate condensing lens set the beam onto a probe spot. 
➢ The e- beam interacts with the material surface and consequently, the 
different output are generated: 
 
Secondary electrons (SE): They are characterized by a low energy and they are 
emitted from the near surface of the material. These e- are collectable in a secondary 
electron detector to extract informations about the topography of the material. 
Back scattered electrons (BSE): They are the e- that are scattered back from the 
inner section of the sample beneath the surface. They have higher density compared 
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to the SE. Since these e- arise for the fretest part from the material’s bulk, they 
possess information circa the mean atomic mass. Thus, the image contains 
information circa the chemical composition of the material components. 
X-rays: X-rays are produced too from the sample resolvavle considering their 
energies or wavelengths. The typical waves resolved based on energy are recorded 
in the Energy Dispersive X-ray (EDX) analyzer for studies of the composition. 
However, X-rays are resolvable by diffraction process across a regular and periodic 
solid material. It is collectable in a gas-filled counter named Wavelength Dispersive 
Spectrometer (WDS) analyser. 
Furthermore to the SE, BSE and X-rays, heat or light photons are produced as a 
consequence of the electron beam bombardment onto the material. Typically, the 
SE arises from top few nm of the sample volume, while the BSE derive from top 
40% of the sample volume and X-rays are discharged from the whole area of 
bombardment. A scheme of the volume and mechanism of the interactions between 
electrons and material in SEM is displayed in Figure 25. 
 
 
Figure 25. Volume and mechanism of interaction between e- and matter (SEM) 
[32]. 
 
In this thesis, morphologies of both powders and layers were investigated with a 
FESEM (Zeiss Supra-40, Oberkochen, Germany) equipped with an Oxford Energy 
Dispersive X-ray detector. These analyses were carried out after Cr sputtering. 
Observations were carried out on the powders and films with an IN-LENS detector 
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while for low resolution and EDS an ETD detector (EVERHART-THORNLEY) 
and HV 12 to 25 Kv was used. 
 
3.3.7 TEM 
 
Transmission electron microscopy (TEM) consist in a beam of e- that are 
transmitted across a sample forming an image. In Figure 26, a scheme of the main 
constituents of a TEM are depicted. 
 
 
Figure 26. Scheme of a TEM, imaging mode (left), diffraction mode (right) [33]. 
 
The sample is typically an ultrathin area (<100 nm of thickness) or a suspension 
onto a grid. An image is generated after the interaction of the e- with the material 
since the e- beam is transmitted across the sample. Thus, the image is magnified and 
focused into an imaging system. This can be a sensor, a fluorescent screen or a layer 
of photographic film.  
M. Knoll and E. Ruska fabricated the first TEM in 1931 with high resolution. Then, 
the first commercial TEM was ready in 1939. 
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TEM can image at a significantly higher magnification compared to the other 
microscopes. This allowss the instrument to appreciate details —even as little as a 
unique column of atoms, that is thousands of times smaller compared to a resolvable 
object view in a optical microscope. For this reason, TEM is one of the main 
analytical techniquein the chemical, physical and biological sciences.  
At elevated resolutions, complex wave interactions adjust the image intensity, 
demanding apropriate analysis of the resulting images. Alternate modes of 
utilization permit to resolve adjustments in electronic chemical nature, structure, 
crystal orientation and e- phase shift due to the sample. 
In thesis, chemical analysis and observations of th epowders were carried out by 
HR-TEM coupled with energy dispersive X-ray spectroscopy (TEM-EDS). 
Characterizations were accomplished with a JEOL 3010-UHR (Peabody, MA, 
USA) instrument, working with a tension of acceleration of 300 kV and an Oxford 
Inca Energy TEM 200 EDS X-rays analyser. In addition, quantitative studies of the 
chemical composition were accomplished by means of an Oxford INCA 
Microanalysis Suite software and the average chemical composition after a mean 
of 5 tests in diverse areas of the sample. 
 
3.4 Conclusions 
 
In this chapter, the constituents of a chemical sensor were described together with 
the influence of film properties towards gas sensing mechanism. 
Furthermore, the main deposition techniques were analysed in detail, with a special 
focus on those used in this theis, i.e. dip coatig and screen-printing techniques. 
Thus, the home-made system for dynamics test of the realized sensors upon diverse 
gases and at different working temperature was delineated. 
In the final part, the experimental procedures realized for the characterization of the 
gas sensitive materials were portraited. Nano and micro-caracherizations were 
accomplished by laser granulometry, DTA-TG, N2 adsorption, XRD, XPS, FESEM 
and TEM analysis.  
In the next chapter, the first results of barium hexaferrite and SWCNTs 
functionalized with an Octadecylamine group for ozone sensing will be discussed. 
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Chapter 4 - BaFe12O19 and 
SWCNTs O3 sensors 
 
Abstract 
 
In this chapter, results of the development of O3 sensors with two different p-type 
semiconductors, a ceramic and a carbon-based material, are presented. Since only 
in a study [1] BaFe12O19 was used as ozone sensitive material in the form of thin 
film, this ozone sensor was realized by screen printing deposition in the form of 
thick layer, with the goal to compare the sensor performances with respect to thin 
film technology. The sensor shows a good response and complete recovery at 250°C 
at sub-ppm level. The ceramic powder was obtained by sol-gel auto-combustion 
synthesis. In order to decrease the operating temperature, octadecylamine ODA-
functionalized Single-walled Carbon Nanotubes (SWCNTs) sensors were realized 
by spray-coating technique and tested towards O3 200 ppb. The sensor exhibits 
great response and accettable recovery at 75°C. 
 
 
4.1 BaFe12O19 sensors 
 
In this section, the results of a thick film sensor based on polycrystalline BaFe12O19 
are presented. The goal is to study the characteristics of an innovative p-type MOS 
based on barium hexaferrite (BaFe12O19) towards O3 exposure under sub-ppm 
concentration level, since only few works have shown the gas sensing performances 
of doped ferrites, such as SmFeO3 and BaFe12O19 towards oxidant species [1-3]. 
This chemical sensor was fabricated by screen-printing method, instead of thin 
layer technology which have been examined previously as and material for O3 
detection [1]. 
Among diverse synthesis such as hydrothermal method and solid-state reaction [4-
6], BaFe12O19 powder was obtained by a sol-gel auto-combustion synthesis by 
gelling and combustion of a mixture with salts and an organic fuel, where citric acid 
that is both a chelating agent and a fuel.  
This technique exhibits the benefits of the utilization of cheap precursors, a quick 
and easy synthesis and an excellent scalability. 
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The pre-combusted powder was then annealed at 900°C for 1 h and analyzed by 
laser granulometry, thermal analysis, X-ray diffraction, N2 adsorption, scanning 
electron microscopy, and transmission electron microscopy. Sensors were realized 
by screen-printing deposition on α-Al2O3 substrates equipped with Pt electrodes. 
Sensors were tested after drying for 12 h and firing at 600°C for 1 h in air. 
The response of the sensor was evaluated between 150°C – 350°C and from 200 
ppb until 500 ppb of O3. τads and τdes were determined, as well as the cross-
sensitivity of the sensor by exposing it towards reducing species (NH3, CH4 and 
humidity) and oxidant ones (CO2, N2O and NO2) at the optimum operating 
temperature.  
 
4.1.1 BaFe12O19 characteristics 
 
BaFe12O19 is a magnetic material that is extensively utilized in the everyday life, 
finding applications in constituents from electronic systems to refrigerator labels 
and components of children plaything. Ferrites display magnetic features and they 
are constituted by iron oxides, exsisting in diverse crystalline structures like cubic, 
hexagonal, orthoferrites and garnets. They constituted a type of fondumental 
magnetic materials for their chemical inertless, desirable electrical and magnetic 
properties, and modest cost of manifacture.  
These elements are essential in industrial and technological advancement, and the 
development of novel applications like radar and telecommunication technologies, 
motor industry and digital storage devices. The increasing demand for innovative 
cheap magnetic materials with appropriate features for specific demands had 
consequently arised an high demand in the preparation and characterization of 
ferrites with hexagonal crystal structure for their excellent characteristics [7-9]. 
The M-type BaFe12O19 (BaM) is a ferrimagnetic characterized by 1390°C of 
melting point and a density equal to 5.3 g/cm3. The BaM crystal structure symmetry 
is described by the P63/mmc space group characterized by lattice parameters a = b 
= 0.589nm, c = 2.317 nm, α = β = 90°, γ = 120° [21]. Two molecules of BaM are 
present in the unit cell of BaM and the unit cell is assembled by piling S and R 
structural blocks lenghtwise the hexagonal c-axis in the RSR*S* sequence, where 
* denotes 180° rotation with respect to the c-axis [8, 10].  
The S block is shown in Figure 1 and it is described by Fe6O8 molecules consisting 
in two close-packed oxygen sheets accomodated in a face-centered cubic (fcc) 
piling sequence, every layer with 4 oxygen anions.  
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Figure 1. The S block in BaM: (a) Top oxygen R layer from above. (b) The two 
layers of the S block with the oxygen ions and metal cations in the interstitial sites 
[11]. 
 
The block R is depiced in the Figure 2 and it is characterized by BaFe6O11 units, 
consisting in three close-packed sheets in a piling sequence where Ba2+ ions that 
replace an O2- ion substitutionally at the center of the layer. The metallic sub-lattices 
of BaM, with their coordinations, position in the lattice, and orientations of the spin 
are tabulated in Table 1. 
 
 
Figure 2. The R block structure in BaFe12O19 with metal cations at the intersitial 
sites [11]. 
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Table 1. Metallic sub-lattices of BaM, with coordinations, locations in the 
lattice, and orientations of the spin [11]. 
Block Sublattice Coordination Cations Spin 
S 
S 
2a octahedral 1 ↑ 
4f1 tetrahedral 2 ↓ 
R 
R 
2b by-piramidal 1 ↑ 
4f2 octahedral 2 ↓ 
S-R 12k octahedral 6 ↑ 
 
4.1.2 BaFe12O19 synthesis 
 
BaFe12O19 nano-particles was obtained by sol-gel auto-combustion method 
[12] using iron nitrate nonahydrate and barium nitrate, as metal precursors, citric 
acid, and a solution of ammonium hydroxide for adjusting the pH (28% v/v).  
Here, Fe (NO3)3∙9H2O (ACS reagent, >98%, Aldrich) and Ba (NO3)2 (ACS 
reagent, <99%, Aldrich) were admixed at 50°C in the right molar ratio of 12:1 in 
H2O, till a red-couloured solution was formed. Then, C6H8O7 (99%, Alfa Aesar) 
was combined into the mixture, with a molar ratio equal to 1 between nitrates and 
citric acid [13].  
By adding NH4OH (Fluka, 28%), the pH was adjusted to 7.0. In this process, 
C6H8O7 act as chelating agent for Fe3+ and Ba2+ ions and as fuel where nitrates are 
the oxidizing agents [10]. According to [12], the whole reaction of combustion can 
be described like in equations 1 and 2, since the synthetized BaFe12O19 particles are 
represented by the formula BaO.6Fe2O3:   
 
12𝐹𝑒(𝑁𝑂3)3 ∙ 9𝐻2𝑂 + 𝐵𝑎(𝑁𝑂3)2 + (
95
9
𝜑)𝐶6𝐻8𝑂7 +
95
2
(𝜑 − 1)𝑂2 →
6𝐹𝑒2𝑂3 + 𝐵𝑎𝑂 + 19𝑁2 + (
190
3
𝜑)𝐶𝑂2 + (108 +
380
9
𝜑)𝐻2𝑂  (1) 
6𝐹𝑒2𝑂3 + 𝐵𝑎𝑂
∆𝑇
→ ⁡𝐵𝑎𝐹𝑒12𝑂19       (2) 
 
In those equations, some simplifications were carried out with the aim to outline 
the whole combustion process. Firstly, the two oxides formation (Fe2O3 and BaO) 
was accounted distinctly in the reaction in agreement with solution combustion 
synthesis (SCS) [14].  
In addition, the contribution of NH4OH to the whole balance of reducing and 
oxidiziong agents was ignored since it is present in extremely little amounts 
compared to other species in the combustion process. 
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The solution was then evaporated at 80°C under permanent stirring, after 1 h 
stirring at 50°C, till a brownish viscous gel was generated. In the final stages of the 
evaporation step, some EtOH (≥ 99.8%, Aldrich) was added up to diminish the 
particle agglomeration. The precursor was subsequently pre-combusted at 180°C. 
After a violent ignition step, a brownish fibrous arrangement was quickly generated. 
Nevertheless, the as-prepared metal oxide exhibited magnetic properties, as 
checked by a little magnet. Finally, the pre-combusted powders were annealed at 
900°C for 1 h with 5°C/min of rate, to provide crystallinity of the obtained BaM 
powder [11]. 
 
4.1.3 BaFe12O19 powder and film characterization 
 
Particle size distribution of BaM was established by laser granulometry 
measurement. BaM powder was manually milled with an agate mortar and agata 
pestle, and then sieved <45 µm.  
Laser granulometry showed that BaM displays a bimodal distribution, with two 
maxima respectively at 5 and 17.5 μm, and a d50 of 12 µm. These outputs are 
outlined in Figure 3 and in Table 2 where the values that corresponds to the 10, 50 
and 90% of the cumulative distribution are shown. 
 
Figure 3. Particle size distribution of BaFe12O19 [15]. 
 
Table 2. d10, d50 and d90 values of the cumulative distribution. 
Cumulative (%) BaFe12O19 (µm) 
10 2.79 
50 12.00 
90 30.40 
 
The TG-DTA investigation was performed either on the precursor of BaM and 
sunsequently to a pre-calcination step carried out at 350°C. The prime test, depicted 
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in Figure 4a, outlined two endothermic and exothermic signals. An initial large 
endothermic signal, situated from 50°C and 189°C, is due to a mass loss of 8% and 
it could be a consequence of the release of the remeining H2O present the dry gel 
[12]. At 193°C, an extremely sharp exothermic peak corresponds to a 72% of mass 
loss, generated by a strong auto-combustion stage involving citric acid and nitrates 
[12]. After this step, no consistent weight loss is noticeable. In addition, at around 
330°C, a further exothermic signal was detected, which denotes that magnetite 
began to crystallize (as denmostrated by XRD analysis performed on the powder 
calcined for 1 h at 350°C, as depicted in Figure 5. Finally, an endothermic peak is 
situated at 410°C, indicating the crystallization of BaFe2O4, in accordance with the 
literature [12]. Furthermore, the TG-DTA investigation executed upon the pre-
calcined BaM at 350°C is depicted in Figure 4b. From this investigation, a novel 
exothermic signal at 800°C was related to BaFe12O19 that starts to crystallize, in 
agreement with XRD analysis. The signal present at 256°C is affiliated to a weight 
loss of around 0.5%, is possibly generated by the decomposition of some precursor 
residues such as citric acid and nitrates. From the TG curve, a 2.2% of weight loss 
in the range 620°C-730°C is attributable to release of CO2 from BaCO3 generated 
in the combustion since Fe2O3 acts as catalyst [13]. This signal could also be 
attributed to the simultaneous composition of the intermediate phase barium 
monoferrite (BaFe2O4) [13].  
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Figure 4. TG-DTA curve of BaFe12O19 before (a) and after (b) annealing at 
350°C. TG: dashed line; DTA: continue line [15]. 
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Starting from the TG-DTA results, precursors were annealed for 1 h at three 
diverse temperature: 350°C, 650°C and 900°C. The XRD patterns of those pre-
calcined powders are presented in Figure 5.  
 
 
Figure 5. XRD spectra of BaM precursors calcined for 1 h at 350°C, 650°C 
and 900°C [15]. 
 
Firstly, the powder pre-combusted at 350°C showed solely the formation of 
magnetite (JCPDS file n°026-1136), whereas the powder annealed at 650°C was 
constituted by maghemite (JCPDS file n°039-1346) and of barium monoferrite, 
BaFe2O4 (JCPDS file n° 046-0113), in accordance with TG-DTA investigations. 
As expected, the rate of crystallization enhanced at higher temperatures and the 
crystallization of maghemite at 650°C was established by the finding of two signals 
at 23.77° (210) and 26.10° (211), in agreement with the state of art [12]. In 
conclusion, BaM precursor calcined at 900°C was constituted exclusively of barium 
hexaferrite (JCPDS file n°039-1433). According to these results, the powder 
synthesized by auto-combustion sol-gel route was then annealed at 900°C for 1 h, 
for crystallizing pure BaM phase.  
The mean crystallite size in the obtained BaM was calculated to be 44 nm, in 
accordance with the Scherrer equation 3. This value agrees with a previous study 
[12], where a crystallite size of 42 nm was obtained after firing at 950°C. However, 
in ref. [13, 16] a finer crystallite size of 16 nm was calculated. Nevertheless, in the 
latter references, BaM was synthetized after pre-annealing at 450°C for 4h, in 
experimental conditions rather diverse from this thesis. 
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From N2 adsorption test, the specific surface area (SSA) of the BaFe12O19 
powder annealed at 900°C/1h was equal to 7.40 m²/g, and a median size of pores of 
1.07 nm. 
By FESEM observations, BaFe12O19 treated at 900°C exhibited small primary 
particles, this size in the range 75-110 nm. Those particles were slightly 
agglomerated, generating ‘worm like’, submicronic structures as illustrated in 
Figure 6a, b. In the same figure (c, d) the morphology of the BaFe12O19 film, 
subsequently to the firing at 600°C for 1 h to enhance its adhesion to the alumina 
substrate, is depicted as well. We can observe that the BaFe12O19 nanoparticles 
underwent a moderate sintering. The microstructure was composed by primary 
particles with dimensions between 60 and 150 nm, with either spherical and 
prolonged morphology (Figure 6c, d) comprehending a widespread residual 
porosity. FESEM images carried out orthogonally to the sensors permitted to 
measure film thickness equal to 22.9 ± 2.4 µm. 
 
 
Figure 6. FESEM images at different magnification, BaFe12O19 powder: 25k× 
(a), 100k× (b); BaFe12O19 film: 25k× (c) and 100k× (d) [15]. 
 
Images of BaM particles annealed at 900 °C from TEM) and HR-TEM are 
displayed in Figure 7. Generally, particles appear considerably agglomerated with 
a lamellar form and the crystallite size was around 40 nm, accordingly to the value 
determined by the Scherrer equation. From HR-TEM, the lattice fringes confirmed 
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the strong crystalline character of the auto-combustion sol-gel obtained crystallites. 
The lattice spacing obtained from these observations equal to 0.278 nm coincides 
to (1 0 7) plane, i.e the main signal of BaM pattern (JCPDS-card n° 39-1433). In 
conclusion, either XRD and TEM investigations coherently confirm the nano-
crystalline character of the synthetized BaM powders. 
 
 
Figure 7. TEM (a, b) and HRTEM (c) micrographs of BaFe12O19 [15]. 
 
4.1.4 BaFe12O19 gas sensing properties 
 
Screen printed BaM sensors were firstly tested towards 500 ppb of O3 concentration 
in a wide range of temperatures (150-350°C). A photo of the as-prepared sensor is 
illustated in Figure 8. 
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Figure 8 BaFe12O19 sensor (1x2 cm) [15]. 
 
Results of the changes of the sensor response at different T are represented in figure 
9a. The selection of this range of temperature was motivated according with the 
results achieved in two previous works on BaM sensors under oxiditants 
respectively as pellets and thin films (NO2 and O3) [3, 1].  
The variation in impedance at the constant frequency of 1 kHz was investigated for 
BaM sensor, assessing the optimum working temperature, equal to 250°C (Figure 
9a), a temperature close to the other two studies [3, 1]. So, from now on, sensor 
performances were evaluated at 250°C. Variations in impedance of BaM film after 
interaction towards diverse O3 amounts (between 200 and 500 ppb) are depicted in 
Figure 9b. 
 
Figure 9. Sensor response of BaFe12O19 thick-film at different working T (150-
350°C) upon 0.5 ppm of O3 (a) and impedance’s changes after exposing 
BaFe12O19 film to different levels of O3 at 250°C (200-500 ppb) (b) [15]. 
 
Sensors impedance drecreased from around 10.7 MΩ in dry consitions until 9 
MΩ under 0.5 ppm of O3, showing a p-type semiconducting beehaviour in all the 
investigated concentration range. The relation between the sensor response and 
[O3] is represented with the curve of calibration in Figure 10, that is linear in the 
studied range of concentration. 
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Figure 10. Sensor response vs O3 concentration for BaFe12O19 sensor [15]. 
 
In accordance with the IUPAC definition, the sensor’s sensitivity is determined 
by the slope of the curve R=f ([O3]) [17].  
The sensor response is nearly linear in the investigated O3 concentration (200-
500 ppb; R2=0.997) and the sensitivity is 0.0003 ppm-1. 
In Table 3, sensor response and recovery times are tabulated, and it appears 
evident that they were shorter at lower O3 amounts. In fact, these values are equal 
to 6-7 minutes for 0.5 ppm of O3 and around 1 minute for 0.2 ppm of O3 exposure. 
Quicker cinectics of gas adsorption and desorption at smaller concentration of O3 
were noted in literature either for p-type and n-type oxides [18, 19].  
 
Table 3. Response and recovery times for BaM under different O3 
concentrations at 250°C. 
O3 
concentration 
(ppb) 
τads (s) τdes (s) 
200 71 62 
300 136 133 
400 258 231 
500 482 348 
 
Furthermore, both τads and τdes are influenced by the testing T: for the same O3 level 
of 0.5 ppm, the τads dropped from around 14 minutes at 150°C until around 4.5 
minutes at 350°C.  
Moreover, evaluation of the selectivity of the BaM sensor was accomplished at 
250°C by exposing the BaM sensor upon 50 ppm of NH3, 50 ppm of CH4, 50% and 
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90% of relative humidity at 25°C, 15 ppm of N2O, 50 ppm of CO2 and 1.5 ppm of 
NO2 and results are illustrated in Figure 11. 
 
Figure 11. Cross sensitivity tests for BaFe12O19 sensor [15]. 
 
The highest interference is due to humidity: the interference of water seems 
consistent still at 250°C where Z is decreasing from 15.3 MΩ until 7.5 MΩ under 
90% of RH. These sensor performances are in accordance with [21]. Moreover, a 
slight interference with respect to NO2 1.5 ppm was also identified, whit R of 1.08, 
in accordance with two previous studies [18, 19]. Interestingly, when BaFe12O19 
sensor is exposed to H2O and NO2, it acts as a n-type semiconductor, while under a 
stronger electron acceptor like O3 an inversion of carrier occurs, and BaFe12O19 film 
impedance decrease under O3 exposure, exhibiting a p-type semiconductor 
behavior. For species with lower oxidant characteristics, like NO2, the 
semiconductor behaves as an n-type, since NO2 molecules catches free electrons 
from the oxide and the conductance of BaM drops. For O3, it takes e- from the VB 
forming holes in the semiconductor conduction band. Here, there is an increase of 
charge carriers, and BaFe12O19 beheves as a p-type oxide. As a result, the impedance 
drops by increasing the O3 amount. This trend was noticed also in [1] where Fe2O3 
and Ba-doped Fe2O3 thin film sensors were prepared by magnetron sputtering. As 
O3 is a stronger electron acceptor compared to NO2, the performances after the 
injections of O3 and NO2 are opposite and the sensor response is higher for O3 even 
at lower concentration compared to NO2 as shown in figure 21. 
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In the Table 4 the principal results from the state of art of Fe-based films for O3 are 
presented. The main characteristics as the technological route for the preparation of 
the sensors, the layer thickness, the crystallite size, the sensor response and the 
conditions of measurements are outlined in the same table. 
 
Table 4. The best performances of Fe-based O3 MOS sensors. 
Material Technological route 
Film 
thickness 
Crystallite 
size 
Max 
R  
Conditions of 
measurements References 
2%wt 
BaO-
doped 
Fe2O3 
Thin-film, 
sputtering 500 nm 200 nm 1.8 
500 ppb, 
225°C [1] 
SmFeO3 
Thick-film, 
screen printing 50 µm 100 nm 1.9 10 ppb, 300°C [2] 
BaFe12O19 
Thick-film, 
screen-
printing 
23 µm 44 nm 1.18 500 ppb, 250°C, dry This thesis 
 
Comparing the results obtained with the state of art of Fe-based ozone sensing 
films, the sensor’s maximum response was observed at an intermediate temperature 
(250°C) [1, 2], where different sintering temperature deposition techniques were 
carried out. In addition, in this part of the thesis a BaFe12O19 thick film was utilized 
for the first time for O3 detection at relatively low temperature despite the sensor 
response is lower compared with the other works. 
When O3 is injected in the test chamber, the interaction between O3 and the 
BaFe12O19 surface follows the equation 3, delineating the electron’s acceptor 
characteristics of O3 [20]: 
 
O3(g) + e− → O2(g) + O−(s)   (3) 
 
In this equation, e− represents an electron that contribute to the film conduction, 
O−(s) is an oxygen anion on the surface, and O3 (g) and O2(g) are the adsorbing and 
desorbing species, respectively [21]. The oxygen situated at the centre of O3 reacts 
with the barium hexaferrite surface generating an acceptor, while an O2 is released 
as gas, as described in reaction (5). As it is well known, the O3 reactivity is a 
consequence of the much lower dissociation energy compared to O2: the 
dissociation energies are respectively 1.1–1.3 eV for O3 and 5.1 eV for O2. So, when 
O3 interacts with BaM sensor at 250°C, O3 is adsorbed onto the BaM surface, that 
acts as an acceptor of e-. The phenomenon probably follows the equation 4: 
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𝐵𝑎𝐹𝑒12𝑂19 +⁡𝑂3 ⇄ 𝐵𝑎𝐹𝑒12𝑂19𝑂− +𝑂2(𝑔)+ ℎ+ (4) 
 
Oxygen adsorption, in the anionic form of O-, generates a negative charge on 
the surface for the chemisorption, and an identical positive charge in the crystallites 
is generated by a HAL in the p-type metal oxide, manteining thethe grains 
neutrality. For this phenomenon, a drop in the film Z was measured when BaM 
interacts with O3. For BaM film, the 3D porous network provides many channels 
and surfaces for exchange of e- during adsorption of target gas, transforming the 
layer into a more conducting system during the interaction with O3. According with 
the state of art, the sensor response of p-type oxides upon oxidants as O3 is lower 
comparing with n-type oxides even if they display smaller ptimum working 
temperature. This was experimentally confirmed in this thesis. As a matter of fact, 
the sensor response for p-type oxides is generally modelled to be the square root of 
that for n-type semiconductors. This is due to the different mechanism of 
conduction between crystallites in the p-type oxides, that happens in the HAL only 
on the surface, considering that the core of the crystallites displays insulating 
characteristics. 
 
4.2 SWCTs-ODA sensors 
 
Abstract 
In this section, the results of thin film sensor utilizing Single Walled Carbon 
Nanotubes (SWCNTs) functionalized with an ammino-group polymer for O3 
detection are described. 
Carbon nanotubes (CNTs) present many advantages as sensitive materials in gas 
sensor technology, such as great surface area for electrical conductivity, moderate 
cost of production and operative temperatures and the possibility to be 
functionalized with several functional groups to enhance the sensitivity towards a 
specific gas. Utilizing CNTs many researchers have fabricated laboratory sensors 
of gases like NH3, NO2 and CO2 That are interesting for environmental monitoring. 
The major part of these devices works on DC and does not display the selectivity 
and the sensitivity to run in environment detecting air analytes that contribute to the 
pollution. In this part, the design and sensing chacarteristics of O3 sensors 
comprehending pristine SWCNTs functionalized with octadecylamine (ODA) 
groups by covalent modification is examined. CNTs were firstly dispersed and then 
sonicated in a paste. This was spray-coated on interdigitated Pt electrodes onto 
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Al2O3 ceramic substrate. The film Z was measured upon O3 gas in the range 200-
500 ppb, revealing variations > 50% at 75ºC and almost entire sensor retractability 
in desorption. The selectivity was evaluated at the best operating temperature by 
cross-sensitivity test for reducing gases (methane, ammonia and water vapor) and 
oxidant species (carbon dioxide and nitrogen dioxide).  
 
4.2.1 Introduction 
 
From the time of the invention of carbon nanotubes (CNTs) [22], the influence of 
nanotechnology has grown, generating fruitful exploitations to communication, 
electronics and sensing.  
Miniaturized chemical sensors displays a broad area of novel usages for user, 
medical, industrial and military utilization, empowered by progresses in the 
development of nanomaterials, such as zeolites, nanoparticles, carbon nanotubes 
and graphene. Portable and cheap chemical sensors with great selectivity and 
sensitivity are essential in the environment to monitor pollutants (e.g., O3, NO2 and 
PM) due to industrial procedures, car emissions and fossil fuel burning. For 
instance, in the Internet of Things (IoT) dominion cheap wereable and portable 
sensors are required to monitor both indoor and outdoor air quality together with 
professional chemical risks [23]. 
Using CNTs, many researchers have confirmed the validity of laboratory detectors 
for the monitoring of ordinary environmental gases like NH3, NO2 and CO2 [23-
28], ands deadly gases like savin, the nerve agent [29-31].  
Detectors based on CNT use the feature of the interaction involving the analyte and 
the sensitive film measuring the variation in DC resistance between the electrodes 
[24-32], i.e. concept forming chemiresistors. 
In addition, low-frequency approaches have been examined. In those methods, like 
inductive near-field coupling [33-36] and chemicapacitor [37-41], the transduction 
mechanism is due to modifications in capacitance of the CNTs film from intrinsic 
or induced dipole moments in the case of gas molecule interaction with the CNT 
sidewalls.  
With the aim to extend the influences of sensors based on CNTs over the usual in-
lab research step to real outdorr environments, it is demanded to improve the 
selectivity of CNT in an ambient with several gases. CNTs’s chemical 
functionalization provides often higher selectivity to specific analytes 
simultaneously with increased sensitivity to the target gas [25, 42]. 
For improving the sensing performance of CNTs, chemical functionalization 
appears an effective method. Firstly, it warrants the distinctive features of carbon 
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nanotubes to be combined with different materials, like metal oxides, metals and 
conducting polymers, to form composite sensitive elements with increased 
sensitivity, selectivity and quicker kinetics of adsorption and desorption. Secondly, 
it can refine the dispersion of CNTs in many solvents, enabling cost-effective way 
of sensors fabrication by ease technique like dispensing and printing. Noble metals 
like Pd [43] and Pt [44] have been utilized for O3 detection at sub ppm level, and 
Pt-decoration was successfully utilized also for CO, NO [45] and NO2 [46] 
detection at concentrations of few ppm. Surface chemical modification of CNTs 
after the addition of functional species permits to adjust the interaction of CNTs 
with the surrounding ambient. This ameliorates both the selectivity and the 
sensitivity of CNTs devices at the seame time. For instance, Bekyarova et al. have 
refined gas sensors using functionalized CNTs evidencing a LOD (limit of 
detection) of 20 ppb towards NO2 and 100 ppb towards NH3, corresponding to 
higher sensitivity with respect to the literature [25]. 
In this part of the thesis, using the innovative SWCNTs functionalization concepts 
delineated in [25, 42], the design and sensing features of O3 chemical sensors 
comprehending pristine CNTs functionalized covalently with octadecylamine 
(ODA) molecule is explored [47]. 
 
4.2.2 Sensor preparation 
 
The O3 CNT-chemical sensors were manufactured by the team of E. Bekyarova at 
Carbon Solutions Inc. using functionalized CNTs to prepare thin films as gas 
sensor. The films were sprayed onto Pt interdigitated electrodes screen-printed up 
to α-alumina substrates as delineated in the paragraph 3.1.5. The carbon nanotubes 
chosen are SWCNTs (P3-SWNT, from Carbon Solutions (CSI)) treated with HNO3 
for purification and manteined in a strongly functionalized state. This has 1.0-3.0 
at% of COOH groups that are derivatizable with a wide range of functional groups. 
P3-SWNTs are functionalized with ODA with a weight ratio of 1:3 between ODA 
and P3-CNT. ODA furnish a medium for the adsorption of O3 that is measured by 
changes in impedance and conductance of the CNT thin layer. 
The ODA-CNTs (CSI’s P5-CNT) were developed by adding carboxylate P3-CNTs 
to ODA. The ODA-CNTs were dispersed in tetrahydrofuran (THF), where they are 
more dispersible, by means of ultrasonication for breaking the bundles and then 
realizing the ink for the preparation of the sensor (Figure 12).  
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Figure 12. Structure of ODA-CNTs (left) and dispersion of ODA-CNTs in THF 
(right). 
 
Before the deposition of the film, the substrate is put into a manifactured Al plate, 
that is heated depending on the solvent type. The thin-film of CNTs is sprayed onto 
the interdigited electrodes with a commercial air-brush spray coater. DC resistance 
was checked during the deposition to confirm the generation of the film having the 
right thickness. Several layers were sprayed till the expected resistance was 
achieved. The substrate was cool down before annealing at 100°C for 1 h to 
evaporate the remaining solvent. The definitive resistance was checked after 12 h 
of equilibriation in air. Before testing, the sensors were viewed under an optical 
microscope to confirm lack of contamination and uniformity. 
 
4.2.3 ODA-CNTs characterization 
 
The ODA-CNTs nanomaterial was characterized by SEM, TGA in static air, mid-
IR spectroscopy and UV-Vis-NIR spectroscopy. Results are depicted in Figure 13. 
 
Figure 13. Characterization for ODA-CNTs: (a) SEM micrograph displaying the 
porous nanotube networks, (b) TGA investigation, (c) Mid IR and (d) Near IR 
Spectroscopy [48]. 
 
ODA-CNTs layer morphology displays the generation of a network with high 
porosity. The TGA investigation demonstrates a best ODA: P3-CNT mass ratio of 
1:3, with a mass loss at a temperature higher than 200°C. Moreover, the NIR-IR 
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analysis confirms the presence of functional groups with oxygen. By 
functionalizing with alkyl amines, signals between 2922 and 2853 cm−1 arise, that 
are generated by stretching of C-H of the alkyl chain (CH2). The signal of C-H is 
shifted to 1463 cm−1 for CNTs and characteristic C=O vibration at 1651 cm−1 
confirms that carbonilic groups are bonded to the ammino group.  
The TGA analysis confirmed that ODA-SWNTs nanomaterial is stable untill 
around 200°C. Consequently, for assessing the temperature dependence of the 
sensor response, starting from 25°C the sensor was exposed untill 100°C in steps 
of 25°C and at every T, the response of the sensor is determined under 200 ppb of 
O3 adsorption and desorption. The sensor impedance Z decreases under O3 since 
ODA-CNTs sensor is a p-type semiconductor. After the adsorption equilibrium, O3 
is substituted by dry air and in the desorption, an enhanced film impedance was 
measured. Z returns almost to the baseline value and this cycle was replicated for 
each temperature. Since the phase of impedance was close to 0, only the real 
component is present: impedance is practically equal to resistance.  
The sensor response vs the working temperature is depicted in Figure 14a, and the 
temporal variation in the impedance magnitude is plotted at different temperatures 
in Figure 14b. 
 
Figure 14. Sensor response at different operating temperatures (a) and adsorption 
and desorption of 0.2 ppm of O3 for ODA-SWCNTs sensor in the temperature 
range 25-100°C [49]. 
 
From this plot, either the τads and τdes, are shorter with enhancing the working 
temperature, with optimal sensor response at 75°C. In fact, the τads drop from 35.8 
min at 25°C to 15.5 min at 75°C and the τdes dropped from 31.7 min to 28.7 min at 
75°C. 75°C guarantee the best sensor performances both in terms of sensitiviry and 
cinetic of adsorption and desorption. Furthermore, the ODA-SWCNTs sensors 
display satisfactory repeatability and reproducibility, since sensor responses 
standard deviation were lower than 10% considering Z after four pulses under the 
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same O3 amounts. The presented sensors exhbits comparable characteristics till 
75°C, whereas after some hours at 100°C the device starts to be damaged since the 
sensor response is lower compared to 75°C. Consequently, the best operating 
temperature is 75°C in further investigations.  
In the Figure 15, the impedances’ variation of ODA-SWCNTs sensor over an entire 
cycle of adsorption and desorption at different O3 concentrations (200, 300, 400, 
500 ppb) are illustrated. Since ODA-CNT film’s Z can be modelled as a RC circuit 
in parallel [50], it is possible to extract the conductance of the thin layer from the 
impedance. 
 
 
Figure 15. Impedance (a) and conductance (b) variation under 200-500 ppb of O3 
and calibration curve at 75°C (c) [49]. 
 
Conductance raises at higher O3 amount and it furnish the same sensor response of 
Z.  
The variations in conductance were evaluated to comprehend if solely resistive 
events were present during the gas sensing mechanism. In these tests, the phases of 
Z were -0.035° and -0.15°, respectively, before and after 200 ppb O3 interaction 
with the film, confirming that the real component of Z is dominant in the sensor 
signal. 
The change in impedance is almost linear with increasing O3 level (R2: 0.95) and 
the sensitivity is 0.003 ppm-1. Adsorption and desorption time are both in the range 
7-15 minutes.  
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The selectivity of ODA-SWCNTs sensor was also investigated by exposing the film 
to CH4 100 ppm, NH3 50 ppm, humidity 50%, CO2 500 ppm and NO2 100 ppb. 
Results are displayed in Figure 16. 
 
Figure 16. Cross sensitivity tests for ODA-SWCNTS sensor. 
 
For environmental monitoring the cross-sensitivity tests are essential, particularly 
with respect to nitrogen dioxide and humidity. Air with 50% RH was inserted into 
the sensor chamber until a new equilibrium was reached. Only a modest (R: 1.16) 
increase in impedance was generated by humidity.  Humidity is an acceptor of holes 
on the CNTs surface, increasing moderately the impedance of the film. This little 
alteration can be rectifyied by calibrations in the real environment. The 
predominant, as expected, interference was measured for 100 ppb NO2 with a 
sensor response of 1.69. This is a result of the fact that NO2 reacts with ODA-
SWCNTS on the surface with a similar interaction mechanism as O3. Finally, no 
interferences were measured with CH4, CO2 and NH3. 
The impedance changes in fomer SWCNTs and ODA-SWCNTs were put in 
comparison to evaluate the impact of the polymeric functionalization, and an 
increase of 8% in the impedance variation was measured under 200 ppb of O3 at 
25°C.  
The O3-sensing mechanism of the ODA-SWCNT sensors involves: 
➢ oxidizing effect between target molecules and the nanotube surface.  
➢  acid-base interaction for the presence of ODA.  
The first effect is due to variations in resistance of the CNTs and can be described 
via Wolkentein’s model [51]. 
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During reactions on the CNTs surface, electrons of the VB are removed, generating 
a higher conductivity of the nanotubes, i.e., adsorbed oxygen species withdraw 
electrons from SWCNTs. Consequently, under oxidizing species like O3 and NO2, 
those gases extract electrons from the surface of nanotubes. This extraction 
generates an extension of the HAL (hole accumulation layer) in every nanotube. 
Hence, this enhance the ozone sensitivity and selectivity. Moreover, for ODA-
SWCNTs, the protonation of ammino group could improve the affinity to O3 
adsorption [47]. 
In particular, metallic Pt NPs on SWCNTs catalytically favourish chemisorption 
and dissociation of NO2 species. In addition, the conducting channel in CNTs is 
modulated in the radial direction by PtO2 (as shown in Fig. 10(b)), that sensitizes 
remarkably their electrical transport channels for the detection of oxidant species 
like NO and NO2. These sensitization effects can improve the modulation in 
resistance for NO2 comparing with other gases in the Pt NPs-doped SWCNT 
chemical sensors. For extremely selective sensing of NO2 gas at ambient T, this 
study has strenghtened the usefulness of the doping of Pt NPs on the SWCNTs 
surface.  
Wongwiriyapan et al [52] proofed the ozone detection with SWNT networks 
grown by CVD on a device platform that was prefabricated. This is comparable to 
the configuration used in the present thesis, with an Al2O3 substrate with platinum 
interdigited electrodes and a heater of platinum underneath. Those devices can 
sense O3 until 6 ppb at ambient T. They were characterized by quick τdes of few min 
obtained by heating till the sensor conductivity had recovered the baseline. In the 
case of Capsula-Colindres et al [44] Pt-doped SWCNTs were realized with sensor’s 
τads after exposition to O3 equal to 1 minute, with the detection limit of 10 ppb. In 
that study, vapor phase impregnation decomposition (VPID) way was carried out 
to decorate Pt NPs onto CNTs. In [43] the same authors doped with Pd NPs the 
MWCNTs through the same VPID method. The sensor device consisted on a 
sensitive film realized by drop coating onto Pt electrodes onto a SiO2 dielectric 
substrate. The sensor showed a resistance variation under O3 with τads of 1 min with 
the ability to detect until 20 ppb. Sensor displays the highest performances at 120°C. 
A comparative study of the obtained results with previous works is represented in 
Table 5. 
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Table 5. The best features of CNTs-O3 sensors. 
Material Technological route Sensitivity  
Conditions of 
measurements 
Sensor 
τads References 
      
SWCNTs Direct growth 6ppb LOD Room T n.d. [52] 
Pd-
SWCNTs 
vapor 
impregnation-
decomposition 
10ppb 
LOD 
120°C 
100-
1200s [43] 
CNT/Pt 
sensor VPID 
LOD 10 
ppb 120°C 
1 min-
1min [44] 
ODA-
SWCNTs Spray-coating 
16% Z 
variation, 
sensitivity 
0.003 ppm-
1 
75°C 
 
 
15.5-
35.8 min 
This thesis 
 
4.3 Conclusions 
 
This chapter has described novel results of barium ferrite (BaM) and ODA-
SWCNTs sensors for ozone detection at sub-ppm level at low temperatures. BaM 
was prepared by sol-gel auto-combustion route utilizing citric acid either as chelant 
and fuel, and devices were fabricated by screen-printing method upon Al2O3 
dielectric. Sensor optimum response was achieved at moderate temperature (250°C) 
with an impedance variation of 18%. τads and τdes were in the range of 1 min for 200 
ppb of O3 and of 5 minutes for 500 ppb of O3. The main criticity is due to water 
molecules interference that should be decreased in further investigations for 
improving the sensitivity of BaM for O3 detection. In addition, a study of the sensor 
performances of O3 sensors with pristine CNTs functionalized by octadecylamine 
groups was performed, verifying a noticeably selectivity for O3 detection, and only 
16% of impedance variation under 50% of relative humidity. The impedance of the 
sensor, evaluated upon O3 exposure in the range 200-500 ppb, discloses a 
significant sensor response and almost complete sensor retractability. Despite of 
this, the fabrication of sensing elements with superior sensitivity and selectivity for 
low amounts of toxic and hazardous gases is till a challenge. Such materials should 
be coupled in an array of sensors where different materials are sensitive towards 
different gases for extracting the specific contribution due to the target gas present 
in air. 
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The proposed materials seem interesting for O3 monitoring at quite low temperature 
and sub-ppm levels, eventough the sensor response is lower compared to others n-
type ozone sensitive materials (SnO2, In2O3, ZnO). 
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Chapter 5 - In2O3-based O3 sensors 
 
Abstract 
 
The objective of this part of the thesis is the evaluation of the sensing performances 
of nanostructured metal oxides. WO3-doped In2O3 was selected for its interesting 
properties, and the results compared with those of pure In2O3, used as a reference 
material. 
The gas sensing characteristics of commercial and hydrothermally synthetized 
powders were compared. Those materials were sensitive towards low amounts of 
O3 in air at moderate temperature.  
An innovative approach is the use of In2O3  and WO3-doped In2O3  hydrothermally 
synthetized for designing thick-film sensors with great selectivity and sensitivity 
for O3 monitoring. Nanostructured metal oxide thick films allow an efficient gas 
diffusion toward the whole surfaces with an extended sensitive area. Consequently, 
either the gas response and the velocity of the adsorption-desorption should 
improve at the same time and considerably when enhancing the specific surface 
area [1]. 
Despite other metal oxides were investigated for O3 detection, like WO3, ZnO, 
TiO2, CuAlO2, SmFeO3 and BaFe12O19, In2O3 has displayed the most promising 
results in terms of sensitivity, cross sensitivity, low humidity interference and τads 
due to the chemical stability, the compatibility with standard integrated circuit 
fabrication and an excellent stability in oxidizing atmosphere [2].  
Generally, the highest sensor response towards O3 of In2O3-based conductometric 
sensors has been detected between 200 and 350°C, depending on the technique of 
layer deposition. 
 
5.1 In2O3 and WO3-doped In2O3 powders 
 
Firstly, it was assessed that bulk-doping of In2O3 with tungsten oxide (WO3) is a 
suitable way to enhance sensor response towards O3, after the creation of new 
adsorption sites with higher affinity for O2 using commercial indium oxide (Sigma 
Aldrich). Then, In2O3 was synthetized by three different methods to decrease the 
crystallite and agglomeration size for enhancing the sensor response with respect to 
O3. Sensor devices were developed by screen printing technique obtaining films 
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characterized by different thickness: at Politecnico di Torino, films of around 20 
µm of thickness were firstly developed; later, at Universiry of Tubingen, films with 
thickness in the range 40-100 µm were prepared. In both cases, the optimum 
operating temperature towards NO2, N2O, NH3, CH4 and CO2 was evaluated. This 
sensor exhibits the maximum sensor performances at low operating temperatures 
(100-150°C).  
As previously written, part of this research was carried out in the Weimar Group in 
the University of Tubingen laboratory with the surpervision of dr. Barsan. Here, the 
hydrothermally synthetized In2O3 thick film sensors were tested upon diverse levels 
of O3, NO2 and H2 at diverse T, and the role of the sensor thickness was analyzed in 
the gas sensor response. 
Investigations on the sensing performances of the realized sensors were 
accomplished by different methods: electrical measurements of DC resistance in 
University of Tubingen and AC impedance in Politecnico research laboratories. 
Moreover, Diffuse reflectance infrared fourier transform (DRIFT) spectroscopic 
investigations for understanding the species interacting during the gas sensing 
mechanism were accomplished. 
 
5.1.1 General aspects of In2O3 
 
Indium (III) oxide (In2O3) is an oxide with amphoteric characteristics. In2O3 is an 
n-type MOS and it is present in the form of bixbyite-typology of cubic crystals. The 
band gap of In2O3 has newly been re-calculated at 2.9 eV, a lower value compared 
to the old one of 3.7 eV. Indium oxide finds application in batteries, as resistive 
element in integrated circuits in semiconductor technology, thin film IR reflectors 
transparent for visible light, photocatalyst and chemical sensors, optical and 
antistatic coatings. In addition, it is combined with SnO2, forming indium tin oxide 
(ITO) that is utilized in transparent coatings with with conductivity. Moreover, 
In2O3 is utilized as a component of some stain solutions in microanatomy.  
Indium oxide exhibits excellent magnetic and conductive characteristics. Magnetic 
semiconductors fabricated with chromium-doped indium oxide are characterized 
by single-phase crystal structure, high-temperature ferromagnetism and high 
amounts of charge carriers. It has probable exploitation in spin electronics in solid 
state devices for spin injectors [3]. 
Indium oxide is a polymorphic compound. It is present in two crystalline phases, 
i.e. the cubic bixbyite and the rhombohedral. The latter one is generated at elevated 
P and T or when adopting non-equilibrium growth processes. This phase is 
characterized by R3c 167 space group with a = 0.5487 nm, b = 0.5487 nm, c = 
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0.57818 nm, Z = 6 and 7.31 g/cm3 of density. The cubic phase is characterized by 
Ia3 206 space group with a= 1.0117(1) nm, Z = 16. The cubic crystal structure of 
In2O3 is depicted in Figure 1. 
 
 
Figure 1. Indium oxide cubic structure [4]. 
 
Thin polycrystalline films of Zn-doped In2O3 display high conductivity (~105 S/m) 
and become superconductive at T<3.3K. In fact, Tc (superconducting transition 
temperature) is dependent on the doping amount and on the film features. In this 
condition, the carrier density is in the range 1025–1026 m−3[5]. 
 
5.1.2 Sensing properties of In2O3  
 
In2O3 is characterized by big conductivity and abundance of defects both in the bulk 
and on the surface, so it is a encouraging candidate for practical usages. Particularly, 
it exhibits excellent response and selectivity in the detection of oxidant species, 
while it is mildly sensitive to reductants. 
Throughout the design of the microstructure, the sensing features of In2O3 can be 
considerably improved, peculiarly for the detection of low amounts of O3 at ppb 
level with quick response and recovery features. Till now, aside from the different 
structural phases, In2O3 nanostructures with diverse morphologies like 1D 
nanowires, 2D nanosheets and 3D hierarchical nanostructures have been realized 
for O3 sensing. For diverse morphologies of In2O3 nanostructures, many 
approaches, like chemical vapor deposition, physical evaporation technique, 
thermal oxidation, template method, sol–gel method, homogeneous precipitation, 
hydrothermal route, directly synthesis and precursor method, have been extensively 
described. 
In general, In2O3 has been broadly used in applications related to gas sensing.  
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Those sensors are constituted by a film sensitive towards gas, that is a porous In2O3 
layer fabricated by different methods. They are equipped with finger electrodes 
under or on the top of the sensitive element to check variations in the film resistivity 
caused by the exposure upon gas species. The heater is typically a Pt resistor located 
on the top or underneath the substrate, furnishing the proper temperature in the 
sensitive region of the sensor. 
A strategy adopted for improving the gas sensor performances is the utilization of 
UV illumination (hυ~ Eg) in the course of O3 detection intensifying the interaction 
of O3 interaction with metal oxide surface. Therefore, this kind of sensor can 
operate at room temperature (RT) [7].  
The improved sensitivity at RT depends on the UV irradiation conditions all along 
O3 adsorption and it occurs for the O3 decomposition that is stimulated by UV 
illumination or for the desorption of chemisorbed oxygen from the In2O3 surface 
previous to the exposure upon O3. 
In Korotcenkov et al. [7] it is demonstrated that the sensor response is typically 
delineated by the relationship R~ CX, in which C> 1, and X is dependent on the 
technique of sensor fabrication. 
X varies between 0.2 and 1.53 for ‘saturation’ (see the next Figures 2), for many 
sensors characterized by elevate sensitivity, the saturation is detected at O3 levels 
higher than 1 ppm. 
 
Figure 2. Sensor response vs [O3]. The sensitive films of heated devices were 
manifactured by drop-coating technique. 1) In2O3 sensors were obtained by sol-
gel synthesis from the aged suspension of In(OH)3, and 2) In2O3 sensors from an 
aged colloidal solution. Reproduced with permission from [8], published by ACS 
Publications, 2003. 
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If the sensitivity of the sensor is very high, the saturation happens at much lower 
O3 amounts [9]. 
This effect causes a reduction in the dynamic measurement range of O3 amounts 
with MOS sensors. This phenomenon is often described by the ‘Weisz-limitation’ 
[10]. 
This limitation is applicable for a great number of MOS and occurs when the surface 
of the SMOx is full of adsorbed species that interact with the CB by capturing 
electrons, other molecules trying to adsorb in a state where the number of ions 
adsorbed is restricted to a coverage of 10-2–10-3 monolayers. This process restricts 
the ionosorption of new oxygens close to the surface. 
If the chemisorbed oxygen density on the surface increases, the band bending of the 
depletion layer is higher, and a thermionic leave of electron from the CB to the 
surface is prevented.  
For instance, for oxygen chemisorption, the accumulation of anions at the oxide 
surface can result in a BB of up to around 1 eV. 
If the adsorbate coverage is higher than 0.1, the repulsion of electrostatic forces 
represents an obstacle for an adsorption. This is clear in nonlinear effects of surface 
coverage and in a drop of the adorption energy. In some cases, the saturation is 
caused by the characteristics of gas-sensitive layer structure. Particularly, in the 
case of fully overlapping of the necks between crystallites by the space-charge 
regions, they cause ‘saturation’. 
MOS sensors exhibit one most significant weakness: the lack of selectivity also 
regarding O3 sensors [11].  
To the best of myknowledge, in literature merely few articles have discussed the 
interference phenomena in ozone sensors [12-16]. 
In those papers, authors have demonstrated that the presence of reductants like H2, 
CO or vapors of VOCs modifies the sensor response towards ozone. For instance, 
at high temperature (T>400°C) VOCs can suppress the sensitivity of SmFeO3 
sensors towards O3 [14].  
For this reason, the maximal O3 sensitivity and the lowest cross sensitivity is 
obtainable at lower operating temperature, usually between 200°C and 300°C. The 
highest interference of O3 sensors is due to NO2 in some studies [13,17].  
The variation of the working temperature does not ameliorate the selectivity for the 
detection of O3, since the maximum sensitivities towards O3 and NO2 appears in the 
identical range of temperatures.  
Two main strategies have been realized in order to surpass this issue. Losche et al 
[15] proposed to use an individual sensor operating in a temperature cycle-mode, 
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while Sauter et al. [12] proposed toexploit an array of diverse sensors based on the 
working principle of an electronic nose. 
The problem of those techniques consists in higher and more complex systems. 
For O3 sensors, higher selectivity of O3 sensor’s response can be obtained mainly 
via surface modification or by bulk doping [18]. 
For example, Belysheva et al. [19] denmostarted that adding little quantities of 
Al2O3 and NiO to the In2O3-α-Fe2O3 improved its sensitivity of three times and 
selectivity of O3 detection considering NO2 and Cl2 as intering gases. 
Generally [12], In2O3-based ozone sensors have more selectivity compared to 
SnO2-based ozone sensors considering humidity, SO2 and CO. 
The performances of the sensor are dependent on the procedure utilized for the 
synthesis and for the sensor fabrication. 
In a study performed by Kim et al. [20], In2O3/Fe2O3 thick layer sensors were 
fabricated by screen-printing deposition, showing a consistent decrease in the 
sensor response towards O3 when enhancing the temperature of calcination from 
900 to 1300°C.  
During annealing at such temperatures, strong ceramics sintering takes place, 
resulting in a considerable growth in the area of contact between crystallites and in 
the crystallite size, together with a reduced porosity, as depicted in Figure 3. 
 
 
Figure 3. Comparison between sintering of In2O3 – Fe2O3 (97:3 wt%) films at 
900°C (left) and 1300°C (right). Reproduced with permission from [25], 
published by Elsevier 2000. 
 
In most papers, powders were calcined at 700–800°C for 1 h in air after synthesis 
[18].  
Annealing at these temperatures ensure the connection between the crystallites, 
without the creation of wide necks between them. 
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A comparison of In2O3-based sensors realized by screen-printing and spin coating 
technologies was realized by Sahm et al [26], and the authors noticed an increase 
in the sensor response towards 73 ppb of O3 for screen printing-based sensors when 
decreasing the operating temperature, and an opposite trend for spin-coated sensors, 
as illustrated in Figure 4. 
 
Figure 4. Correlation between sensor response and operating temperature under 
73 ppb of O3 for screen printing and spin-coating sensors [21]. 
 
When In2O3 films remain in an oxygen atmosphere, no phase transformations take 
place until 1000°C [22], whereas under 1% of H2 it can be reduced to metal form 
even around 350°C [23]. 
When reducing species, like VOCs or H2, interact with In2O3 surface, they cause a 
wide reduction of the surface, promoting the generation of an accumulation layer. 
On the other hand, the interaction with oxidant species like O3 and NO2 is associated 
with the recovery of the In2O3 surface stoichiometry caused by its reoxidation and 
a depletion layer is created. In Figure 5, a diagram demonstrating variations in the 
characteristics of the In2O3 inter-crystallite interfaces upon exposure of reducing or 
oxidant gases is illustrated. 
 
 
130 
 
Figure 5. Diagram of the interaction between In2O3 surface and reducing/oxidant 
species. Reproduced with permission from [24], published by Elsevier, 2007. 
 
According to Brinzari et al [25], a downward BB of respectively 0.3 eV for the 
(111) and of 0.25 eV for (100) planes were calculated in reducing atmosphere. A 
small height of the surface potential barrier is the principal cause of the short τdes of 
In2O3 sensor even at low temperature.  
Considering the stability of In2O3 sensors, they have obtained great accuracy and 
repeatability, and prolongated sensor life when properly stored. The stability of O3 
sensor characteristics can be decreased solely by an excessive small crystallite size 
in the gas-sensitive film at values below 5 nm. 
 
5.1.3 Strategies to optimize In2O3 sensors -surface modification 
 
If catalytically active films are present at the oxide surface, an effective dissociative 
chemisorption of oxygen is favoured, followed by spillover effect influencing the 
sensitivity towards ozone [26].  
Usually noble metals (Pt, Pd, Au, Rh) act as centres for a dissociative oxygen 
adsorption at low temperature followed by chemisorbed oxygen on the oxide 
surface [27]. 
For achieving an optimal modification of the In2O3 surface with a strong enhance 
in the sensor response, the gold nanoparticles (NPs) should have a size in the order 
of 2–3 nm or even less [28].  
In this way, the NPs can be effectively atomically dispersed on the surface. 
In Korotcenkov [29] the authors describe the electronic mechanism of sensitization 
on the In2O3: Au ozone sensors. This mechanism is listed as an oxidation of the 
gold NPs under O3 exposure, enhancing the work function. This stimulates the 
movement of e- from the oxide to the Au NPs increasing the resistance of the In2O3 
film. 
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During the O3 detection, a relationship between the variation in the resistivity of the 
film in air and the sensor sensitivity was noticed. 
Higher alterations were detected for resistivity under O3 compared to dry air. This 
fact advices that the interaction between Au NPs and O3 is accountable for the 
improved sensitivity upon O3 [34]. 
The spillover effect favors the formation of a negative charge catched by surface 
species increasing the BB and the resistivity of the polycrystalline oxide film. This 
phenomenon can often happen during the interaction with O3, since the τdes for O3 
detection is a function of the lifetime of chemisorbed oxygen, staying on the MOS 
surface next to the interaction with O3, gold stimulates reactions that improve the 
kinetics of this process. 
The interaction between Au NPs and oxygen either as O2 and O3 is the main strategy 
of In2O3-Au-based device sensitization. In addition, this interaction is easier for 
smaller clusters of Au NPs. 
Many researches have displayed that Au NPs with a size lower than 3 nm can be 
simply oxidized also at low T, whereas bigger clusters are more stable [30].  
In accordance with Miller [31], around 10% of the Au is oxidized. If oxidizing 
species are present, like O3 [32] and NO2 [33], this phenomenon is promoted. Au 
can catalyze the dissociation of O3 [34]. 
A way to increase the efficiency of Au sensitization is to decrease strongly the size 
of In2O3 crystallites increasing at the same time the density of Au NPs on the 
crystallites surface. Furthermore, Au NPs clusters on the oxide surface displays 
excellent mobility, particularly at high temperatures. Thus, the stability of these 
systems must be improved. 
Nanocomposites can be realized by incorporating the second phase of MOS into an 
existing MOS matrix as shown in Figure 6.  
 
 
Figure 6. Nanocomposite by incorporation of the second phase into a different 
MOS matrix. Reproduced with permission from [35], published by Elsevier, 2017. 
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Usually, methods such as wet impregnation, co-condensation, covalent bonding and 
ion exchange are used. For instance, the addition of a second element by 
impregnation usually causes its distribution on the main component crystallites 
surface. In this way, an extremely dispersed doping in the framework of the MOS 
matrix is fullfilled. 
 
 
5.1.4 Strategies to optimize In2O3 sensors – bulk doping 
 
Researchers have demonstrated that bulk doping of In2O3 is the most interesting 
method for enhancing the O3 sensor parameters, because it influences the defect 
chemistry, bulk electrophysical characteristics and the morphology of the MOS 
layer together with the surface reactivity [36]. 
This effect is a consequence of the incorporation of the second oxide in the lattice 
of In2O3. For achieving a bulk doping, the most effective methods are wet chemical 
routes like precipitation, sol-gel and hydrothermal route: in this way, an improved 
tune of the chemical composition, stoichiometry, surface area and crystallite sizeis 
accomplished. Incorporation of a secondary phase in the principal MOS matrix, has 
often an important impact on the kinetics and mechanism of sintering as well as on 
the definitive features of the oxides. 
For instance, the addition of -Fe2O3 significantly dropped the working temperature 
down to 170–200°C, improving the sensitivity towards O3, decreasing the cross-
sensitivity towards Cl2 comparing with pure In2O3 and In2O3-α-Fe2O3. Often bulk 
doping by different elements like Co, Ce, La, Fe and others lead to a diminished 
crystallite size. 
In the literature, the highest sensitivity towards O3 after bulk doping of In2O3 films 
was obtained by using Fe and Co. In [5] was demonstrated that doping by these 
elements (3–6 mol%) improved the best response decreasing the optimum working 
temperature. However, optimized effects for transition metals occurr solely at 
modest amounts of additive elements (CMeO< 1–4 %). At higher amounts, a 
significant drop in sensitivity was detected. Typically, this threshold level is the 
limit of solubility of additives in the oxide. In some cases, doping could come with 
the formation of novel compounds, different from the binary oxide phases. 
Finally, one of the main parameters that control the activity of the SMO for the 
detection of gases with a high activity such as O3 is the porosity, especially the pore 
size. 
The last part of this chapter will investigate the impact of the sensor thickness on 
the O3 sensitivity for In2O3 thick film sensor. In fact, for thick film chemical sensors 
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with higher than 1 microns of thickness, the modest penetrability of the gas 
sensitive matrix and the limitation to the gas diffusion for analytes with catalytic 
characteristics are the principal factors that limit the potential to achieve the high 
sensitivity towards O3. 
If the sensor is too thick, the interactions with O3 happen on the surface of the layer 
and consequently the characteristics of deeper layers are not changing. If the pore 
size is high, the penetration of the target gas is deep in the matrix. In order to 
accomplish an increased porosity, volatile components have been incorporated [37]. 
For example, In2O3–SnO2 (10%) thin layers showed great sensitivity to NO2 and 
NO, improving their selectivity with respect to CO and CH4 [38]. 
Thus, for MOS-based nano-composites it was denmostrated that in the case 
additives are not able to generate a conductive phase with great sensitive features, 
the optimized amounts of additive elements in the main matrix would not overcome 
1–3 wt%. [39]. 
For composites, with two sensitive metal oxides, optimal amount of the second 
phase should be between 10 and 20 wt% [36]. 
 
5.1.5 General aspects of WO3  
 
WO3 is a n-type semiconductor, that presents interesting chemical, optical and 
electrical properties. This oxygen-deficient oxide has been studied in many fields. 
For instance, it finds application in industry as a pigment in ceramics and paints. It 
is used for instance in the manufacture of tungstates in X-ray screen phosphors and 
in the realization of fireproofing materials [40, 41].  
WO3 is widely used in gas sensor technology. In fact, several papaers report 
elevated signals of WO3 to both reducing species like ammonia [42], toluene [43], 
hydrogen sulfide [44], acetone [45] and oxiditants like O3, NO and NO2 [46, 47]. 
Moreover, the oxidazing effect of H2O at 300°C was deeply investigated in a work 
by Staerz et al [48]. 
WO3 shows a cubic perovskite-like cristal structure with corner sharing normal 
octaedra with W at the centre and oxygens at the corner of every octahedron. The 
crystal network is formed by the alternation between oxygen and WO2 planes 
ortogonally to every crystallograpic orientation. The symmetry of WO3 is lowered 
compared to the ideal ReO3 structure by two distorsions: diplacement of W from 
centre of its octahedron and tilting of WO6 octahedra. There is a T-dependence of 
the crystal structure of WO3 [49]. 
In fact, WO3 is triclinic at between -50 and 17°C, monoclinic between 17 and 
330°C, orthorhombic in the temperature range 330-740°C, and tetragonal above 
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this temperature. Among all these phases, the most common crystal structure is 
monoclinic with space group P21/n as displayed in Figure 7. 
 
Figure 7. Crystal structure of WO3 [63]. 
 
5.2 Sensors based on In2O3 nanostructures 
 
In this part of the work, ozone sensors based on n-type In2O3 and 2.5 wt% WO3-
doped In2O3 thick film to measure O3 at sub-ppm level and at low temperatures 
were used.  
In2O3 was synthetized by three different methods, trying to decrease the crystallite 
and agglomeration size enhancing the specific surface area, obtaining a superior 
sensitivity upon O3 exposure with respect to the commercial indium oxide. Among 
the differently synthesized powders, pristine In2O3 produced by hydrothermal route 
(HT) using soda as mineralizer constitutes a precious platform for the realization of 
O3 sensors, improving the sensor performances compared to the commercial In2O3 
(SA) in term of sensor response, optimum operating temperature, response and 
recovery times. In this work, HT- In2O3 was doped with WO3 by an impregnation 
route to increase both its selectivity and sensitivity with respect to O3. 
Powders were characterized by laser granulometry, FESEM, DTA-TG, XRD, N2 
adsorption, TEM and XPS. The cross-sensitivity under different levels of humidity, 
NO2, N2O, NH3, CH4, CO and CO2 were investigated since modest selectivity is 
usually the principal limit of MOS detectors. Thus, doping with WO3 by 
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impregnation route increase the sensor performances of indium oxides sensors 
towards O3 and the selectivity with respect to NO2 and humidity.  
 
5.2.1 Synthesis of In2O3  
 
Wet-synthesized In2O3 powders were prepared by three different routes [50], with 
the aim of achieving a finer crystallite size compared to commercial In2O3, that is 
one key to increase the sensor response [51].  
In the first synthesis, a bath precipitation process (BP) was carried out. Here, 
In(NO3)3.5H2O was dissolved in H2O and urea solution was mixed together for 30 
min. The mixture was then transferred in ‘Falcon’ tubes and remained in a silicon 
oil bath for 8 h at 80°C. Thus, it was transferred in an oven at 80°C for 24 h. The 
powders were washed in H2O and EtOH and dried subsequently in an oven. In2O3 
architectures were realized by calcination of the powders for 30 min at 400°C.  
In the second procedure, In2O3 were gained by hydrothermal synthesis utilizing 
urea as mineralizer (HT-urea) [52]. 
In a typical synthesis, In (NO3)3.5H2O, [(C16H33)N(CH3)3]+Br- (CTAB, utilized as 
capping agent to provide stability to NPs in the process of crystal growth controlling 
their morphologies), and urea were dissolved in H2O and mixed for 30 min at 25°C. 
The resulting mixture was put into a Teflon-autoclave and kept at 70°C for 24 h and 
subsequently at 120°C for 12 h. The synthetized white precipitate was washed and 
then dried in air. The reactions (1-2) occurred in the In (OH)3 indium hydroxide 
formation: 
 
NH2(CO)NH2 + 3H2O ⇆ 2NH4+ + 2OH− + CO2 (1) 
In3+ + 3OH− ⇆ In (OH)3 (2) 
 
In2O3 nano-powder was formed by calcination of the powder for 30 minutes at 
400°C. After this stage, powder varies from white until yellow, denoting the 
formation of In2O3. 
In the third synthesis, the same procedure was carried out by replacing urea with 
NaOH (HT-soda) as mineralizer since in [75] a smaller crystallites size was 
achieved under this condition. 
This is probably a consequence of the dilute alkaline environment produced by urea 
leading to a complete crystallization and a bigger crystallite size when comparing 
with solutions with higher alkali environment produced by soda where complete 
crystallization does not happen. Here, the following reactions (3-4) occurred: 
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NaOH ⇆ Na+ + OH− (3) 
In3+ + 3OH−⇆  In(OH)3 (4) 
 
An In (NO3)3.5H2O: CTAB: NaOH molar ratio of 1:1.96:3 was chosen in this work, 
and a molar ratio of 3:1 between NaOH and In2(NO3)3 was selected. 
The most promising powder (in terms of lower crystallite and agglomeration size) 
was doped with 2.5 wt% of WO3 by an impregnation route.  
WCl6 (≥ 99.9% trace metals basis, Sigma Aldrich) was mixed in CH2Cl2 (ACS, ≥ 
99.8%, ChemLab) previous to the addition of In2O3. The suspensions were mixed 
at 25 °C for 3 h and subsequently dried at 40°C. In order to get rid of the chloride 
by-product, the powders were washed in H2O and EtOH several times by 
centrifugation. For SA-In2O3, impregnation was performed with three diverse 
quantities of WCl6, to achieve 1.0, 2.5 and 5.0 wt% of WO3-doped In2O3 powders. 
HT-soda-In2O3 powder was doped at the optimal WO3 concentration (2.5 wt%) 
defined for the SA-In2O3. 
Powders were mixed for 3 hours at room temperature, washed many times in qater 
ann ethanol and WO3-doped In2O3 was obtained after 3 hours of annealing at 400°C 
(HT-soda-W). Commercial In2O3 powder (SA, Sigma Aldrich, 99.9% purity, 
particle size < 100 nm) was also submitted to the same WO3-doping and used as a 
reference (SA-W) [53].  
 
5.2.2 Characterization of In2O3  
 
Results of laser granulometry investigation are tabulated in Table 1. 
 
Table 1. Laser granulometry d10, d50 and d90 of In2O3 synthetized via BP, HT-
urea, HT-soda, HT-soda-W, SA and SA-W. 
Cumulative 
(%) 
BP 
In2O3 
(µm) 
HT-
urea-
In2O3 
(µm) 
HT-soda-
In2O3 (µm) 
HT- W- 
soda-
In2O3 
(µm) 
SA-In2O3  
(µm) 
SA-W-
In2O3 
(µm) 
10 0.42 0.83 0.11 0.10 0.29 0.18 
50 3.18 1.61 0.41 0.40 3.67 4.02 
90 22.2 2.85 8.34 4.55 11.4 16 
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By hydrothermal synthesis using NaOH as mineralizing agent instead of urea, 
smaller particles were synthetized in accordance with ref [75]. In fact, d50 decreases 
from 1.61 to 0.41 µm when urea is replaced by soda. 
From now, HT-In2O3 indicates HT-soda-In2O3 and HT-W-In2O3 is HT-soda-
W-In2O3. 
Laser granulometry in Figure 8 compares the commercial powder and the HT-
soda that shows the lower degree of agglomeration and lowest particle size 
distribution. Both commercial powders display a trimodal distribution. For the 
hydrothermally prepared In2O3, HT-In2O3 particles distribution displays four 
maxima, at 0.25, 1.5, 8 and 30 µm, whereas the distribution of HT-W-In2O3 is 
similar to the undoped In2O3, despite of a rather lower size of agglomerates. This 
results in a d90 that is the smallest considering all the types of In2O3 proposed. 
 
 
 
Figure 8. Particle size distribution of SA-In2O3 (a); SA-W-In2O3 (b); HT-
In2O3 (c); HT-W-In2O3 (d). 
 
Those results were confirmed by FESEM observations shown in Figure 9, 
which also allowed to observe the different morphologies accomplished. Powders 
obtained from BP show a wide range of morphologies: cubes of about 1 micron in 
length, spheres of hundreds of nanometers and panicles with some microns in length 
and hundreds of nanometers in depth. HT-urea powder presents a regular 
morphology with cubes of around 1 µm in length and confirmed the narrow 
distribution in particle size as determined by laser granulometry (Table 1). Finally, 
the finest particles were measured in the case of HT-W-soda, with grains between 
45 and 65 nm slightly agglomerated, with agglomerates in the range of few microns, 
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in accordance with laser granulometry and the HT-W-soda powder shows the more 
or less the same morphology of the HT-soda. 
 
 
Figure 9. FESEM micrographs of wet synthesized In2O3 powders: BP (a), HT-
urea (b), HT-soda (c), HT-soda-W(d). 
 
FESEM observations were carried out on both SA-In2O3 and SA-W-In2O3 films 
after firing at 600°C for 1 h (Figures 10 a, b). Nanoparticles display diameters in 
the range between 50 and 70 nm with spheric and prolonged configurations, and 
agglomerates of few microns, in agreement with laser granulometry analysis.  
The morphology of either HT-In2O3 and HT-W-In2O3 films next to firing at 
600°C for 1 h were also investigated and results are displayed in Figure 10 c, d. In 
the HT-In2O3, grains in the range 30-40 nm were measured and they are connected 
in agglomerates that exhibit smaller size compared to the commercial indium oxide 
(0.5-1 micron vs 6-10 microns). This is in agreement with laser granulometry 
analysis. Thus in the synthetized films, an extremely porous structure with cubic 
and rectangular shapes was noticed. Finally, the W-doped indium oxide film exhbits 
similar morphology of the undoped In2O3, with a surface enrichment of WO3 NPs 
evidenced by point EDX analysis with diamensions from 12 to 16 nm. In fact, WO3 
appears present also on the surface of In2O3. 
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Figure 10. FESEM onservations of the films: SA-In2O3 (a), SA-W-In2O3 (b), 
HT-In2O3 (c) and HT-W-In2O3 (d) 100 kx. 
 
Thus, FESEM observations carried out ortogonally to screen-printed films permit 
to measure the layer thickness that for SA-In2O3 and HT-In2O3 films was 20.6 ± 2.7 
µm and 21.4±1.9 µm, respectively.  
In Figure 11, DTA-TG curves regarding HT- In2O3 precursor before the calicnation 
at 400°C are displayed. TG curve confirms a whole mass loss equal to 14.8% in the 
range of T 270°C-350°C, with the highest slope at 305°C (as determined by the 
differentiate of the TG curve). DTA curve supports TG result, and a broad 
endothermic signal with maximum at 317°C was found, probably due to the 
conversion of In(OH)3 into In2O3. Furthermore, a small exothermic signal at 207°C 
that is due to the decomposition of the remaining CTAB still present in the powder 
[54]. 
The whole mass loss is lightly lower in comparison with the theoretic value of 
16.3% for the formation of In2O3 from In(OH)3 and for this reason, all powders were 
calcined at 400°C for 3 h [55]. 
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Figure 11. TG-DTA curve of TG: dashed line; DTA: straight line for In(OH)3 
before calcination.  
 
The crystallization of cubic In2O3 are denmostrated by XRD investigation as 
depicted in Figure 12. XRD was realized after annealing at 400°C for 3 h. For 
comparison, the XRD pattern of the SA-In2O3 and SA-W- In2O3 and HT- In2O3 and 
HT-W- In2O3, are depicted in Figure 12a and 12b.  
Furthermore, for the HT-In2O3 precursor, the crystallization of In (OH)3 previous 
to annealing was verified in Figure 12c. Finally, the XRD spectrum of WO3 
achieved with the identical process except for the impregnation of In2O3 is 
represented in Figure 12d. 
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Figure 12. XRD spectra of powders: SA- In2O3 and SA-W-In2O3 (black and red, 
respectively, a); comparison between HT- In2O3 (black) and HT-W-In2O3 (red) b); 
XRD spectrum of In (OH)3, c); and WO3 synthesized with the identical procedure 
without the impregnation of In2O3, d). 
 
The XRD spectrum of In2O3 NPs corroborates the In2O3 in cubic phase 
crystallization (JCPDF card n°06-0416). In all samples, the intensity of signals that 
correspond to the (222) orientation is the principal peak. Korotcenkov et al [2] 
demonstrated that if the (222) peak is higher than the (400) one, the sensors’s τdes 
towards O3 decreases at few minutes. The degree of film texturing is indeed 
estimated by the ratio between the main peak intensities in the XRD patterns of 
In2O3, eg. I(400)/I(222). 
This is a result of the film densification caused by the crystallites structure in the 
texturing layers. In the studied NPs, the ratio I (400)/I(222) is < 1, as a consequence 
In2O3 nanostructures does not display texturing. Consequently, the sensing 
characteristics are dependent by the layer thickness (see later) and also by the size 
of crystallites of the sensitive layer. 
The XRD spectrum of HT-powders present broader signals comparing with SA-
powders, describing a situation where crystallites are smaller in size and where the 
degree of crystallization is lower, in accordance with [75]. The Scherrer equation 
was applied on the diffraction signals such as (211), (222), (400), (440), (541), and 
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a crystallite size of 48±3.5 nm for SA-In2O3 and SA-W-In2O3 was obtained. This 
parameter is almost the half (26±2.8 nm) in the case of synthetized indium oxides. 
These outcomes are in agreement with Bagheri-Mohagheghi [56], in which the size 
of crystallites between 3 and 25 nm for In2O3 powders synthetised by hydrothermal 
route were obtained.  
From Figure 12, it is clear that SA-In2O3 and SA-W- In2O3 display quasi identical 
XRD spectra (Figure 12a) and this is confirmed for the HT- In2O3 and HT-W- In2O3 
too (figure 12b). For the doped materials, a small and broad signal due to the 
convolution of the three main signals of monoclinic WO3 (reference n0 43-1035) 
was detected, as a confirmation of the beginning of crystallization of WO3.  (002), 
(020) and (200) crystallographic planes were present at 23.12, 23.59 and 24.38 of 
2θ, respectively. In addition, no secondary phases in addition to cubic In2O3 and 
monoclinic WO3 were noticed in the doped powders. WO3 crystallization take place 
at T<400°C, as verified by XRD investigation perfromed on the WCl6 precursor 
calcined at 400°C for 3 h without impregnation of indium oxide (Figure 12d) 
forming monoclinic WO3 (reference n0 43-1035). Thus, XRD was carried out after 
the HT synthesis and prior to the annealing at 400°C: in this case, every diffraction 
signal can be indexed as a pure In(OH)3, in cubic phase with lattice constant a = 
0.797 nm, accordingly with JCPDS n0 76-1463. The sharp diffraction pattern is a 
proof of the good crystallization of the powder.  
As corroborated by XRD investigation of the hydrothermally prepared powder after 
firing at 600°C, the size of crystallites raised till 39 nm from 26 nm, while for the 
commercial powders this parameter reaches the value of 54 nm from 48 nm. 
For evaluating an eventual shift of the diffraction signals, the analysis was 
accomplished with an internal standard method using quartz as reference. Taking 
into account the six principal signals of (211), (222), (400) (431), (440) and (622) 
Miller indices, a shift to smaller 2θ values (average of 0.03° of 2θ) was measured 
for the W-In2O3 powders with respect to the undoped ones (not shown). As a result, 
lattice parameter d midly increases in the doped powders (from 1.0078 to 1.0089 
nm for the SA-powder and from 1.0083 to 1.0092 nm for the HT-sample). This is 
probably a consequence of the substitution by W6+ dopants into the indium oxide 
cell, in spite of a smaller ionic radius for the octahedral W(VI) (74pm), in 
comparison with the octahedral and trigonal prismatic In(III) (94 pm). A lower 
cation occupancy is required for maintaining the electrical neutrality of the lattice 
cell when replacing In3+ by W6+ ions. This decrease in cation occupancy may be 
responsible for the distortion of the cell increasing the bond length and resulting in 
the slight increase of a. 
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A brief of these results is tabulated in the Table 2 where the lattice parameters (a) 
for the In2O3 in bixbyte-cubic form were calculated considering the three main 
planes (222) (400) and (440) adopting the equation 5 from the XRD data:  
 
𝑑ℎ𝑘𝑙 =⁡
𝑎
√ℎ2+𝑘2+𝑙2
 (5) 
 
Where dhkl denotes the lattice spacing of the (h k l) plane and a is the lattice spacing. 
 
Table 2. Lattice parameters and crystallite size from Scherrer equation for the 
samples. 
   
Material 
Crystallite 
size (nm) 
Lattice parameter (a, nm) 
SA-In2O3 48 1.0078 
SA-W-In2O3 48 1.0089 
HT-In2O3 26 1.0083 
HT-W-In2O3 26 1.0092 
 
 
In both powders, the addition of WO3 generates an increase of about 0.1% in lattice 
parameter. In2O3 crystallizes in a body centred cubic unit cell (BCC) that belongs 
to the space group Ia3 (number 206). Here, the In atoms stay in the centres of the 
cube and O lay on the vertices with an oxygen vacancy in every base. The entire 
system is constituted by two kind of In sorrounded by O in the octahedral and 
trigonal prismatic coordination, alternated each others. Either coordination groups 
can be depicted as distorted ochtaedra and the XRD spectra establish that WO3 in 
part is present into the crystal lattice of In2O3, distorcing the BCC cell after 
impregnation and thermal treatment. This was verified by the shift with internal 
standard method in the XRD spectrum after WO3 addition. Moreover, WO3 in part 
lay on the In2O3 surface since a small peak as a result of the three mains signals of 
monoclinic WO3 was noticed for either doped-powders. 
The N2 adsorption isotherms obtained from the indium oxide powders next to the 
identical thermal treatment at 600°C were measured and the SSA enhanced from 
the SA-In2O3 (13.3 m2/g) to the SA-W-In2O3 (15.2 m2/g). This tendency is even 
more evident for the HT prepared powders, since SSA were equal to 27.7 and 38 
m2/g for HT-In2O3 and HT-W-In2O3, respectively. 
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The morphology and structure of the powders were investigated by TEM and 
HRTEM. Figure 13 displays TEM images of SA-W-In2O3 and HT-W-In2O3 (a, b 
respectively) and HRTEM of SA-W-In2O3 (c, d respectively) and HT-W-In2O3 (e, 
f) micrographs. 
 
Figure 13. TEM (a, b) and HRTEM images of SA-W-In2O3 and of HT-W-In2O3 
(c, d, e, f). 
 
Considering the TEM bright-field pictures, it is claes that all samples are 
agglomerated to a small extent, with cluster of crystallites with diameters in the 
range 20-60 nm. These results confirm the laser granulometry test and the Scherrer 
equation applied in the XRD analysis about the crystallites size of the sample 
discussed above. Thus, one of the principal crystal planes of In2O3 was recognized 
(400) characterized by a diffraction plane with lattice fringes of 0.253 nm. In 
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HRTEM images, it is possible to assess the presence of WO3 nanoparticles on the 
surface of indium oxide (e.g. it was verified by a punctual EDX analysis carried out 
on the NPs) strengthening the finding that WO3 is present both in the bulk and on 
In2O3 surface. 
In addition, no lattice spacing generated by the main crystal planes of WO3, such as 
(200), (020) and (002), were distinghuished probably as a result of the small size of 
WO3 and of the fact that W6+ forms a solid solution with In2O3. 
By means of XPS analysis, the chemical states of In and O were investigated in SA-
In2O3 and HT-In2O3 samples, whereas the chemical states of In, O and W were 
studied for SA-W-In2O3 and HT-W-In2O3 powders. Figure 14 presents the XPS 
survey of the 4 materials (a, b, c, d).  
 
Figure 14. Survey XPS spectra of: SA-In2O3 (a); SA-W-In2O3 (b); HT-In2O3 (c); 
HT-W-In2O3 (d). 
 
The presence of W in the doped materials was verified from the surveys, either for 
SA-W-In2O3 and HT-W-In2O3. 
Furthermore, spectrum in high-resolution was performed after signals 
deconvolution for In, O and W for all the powders. In Figure 15 outcomes of spin-
orbin split for In 3d5/2 and In 3d3/2 of In(III) are represented, putting in comparison 
results achieved for the doped and undoped metal oxides.  
 
 
146 
 
 
Figure 15. HR XPS spectra of In3d in: SA-In2O3 (black); SA-W-In2O3 (red). 
 
The 3d characteristic signals were estimated at 443.89 eV and 451.45 eV, 
respectively. Those are characteristics of the binding energy (BE) of In3+ in In2O3 
[58].  
These signals were measured at 444.25 eV and 451.8 eV for SA-W-In2O3, with a 
slight shift at bigger BE, and the identical tendency was detected for HT- In2O3 and 
HT-W-In2O3. This shift can be a result of the differences in the charge density of 
W6+ with respect to In3+, with a smaller ionic radius for W respect to In, as 
previously discussed. E- are furnished into the In2O3 matrix from WO3, resulting in 
the typical signals of In at bigger BE caused by screening effect [59]. 
In the Table 3 the positions and relative intensities of the Oxygen signals in high 
resolution after peak deconvolution are summarized. Taking into account oxygen 
peaks, XPS investigation performed on the SA-In2O3 and SA-W-In2O3 displays 
asymmetric O1s spectra that can be deconvoluted into three components, as 
illustrated in figure 17, where Ol is the lattice oxygen, Oc the chemisorbed oxygen 
and Oi the hydroxyl oxygen according with Table 3 [60].  
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Table 3. Positions and relative intensities of the Oxygen signals for the samples. 
Material 
Peak 
position 
Relative 
intensity 
(%) 
Type of 
oxygen Material 
Peak 
position 
Relative 
intensity 
(%) 
Type of 
oxygen 
SA-
In2O3  
529.24 43.97 Lattice   
SA-W-
In2O3  
529.66 21.63 Lattice  
529.74 31.34 Chemisorbed 530.32 61.85 Chemisorbed 
531.30 24.69 Hydroxyl 531.51 16.53 Hydroxyl 
 
HT-
In2O3  
529.62 47.11 Lattice   
HT-W-
In2O3  
530.00 50.89 Lattice  
530.38 9.39 Chemisorbed 531.29 17.64 Chemisorbed 
531.48 43.51 Hydroxyl 532.11 31.46 Hydroxyl 
 
From this summary, the concentration of Oc is doubled for the W-In2O3 in 
comparison with In2O3 (respectively 31.34% for SA- In2O3 and 61.85% for SA-W- 
In2O3, 9.39% for HT- In2O3 and 17.64% for HT-W- In2O3 with respect to the total 
oxygen). Furthermore, the Oi contribution is reduced for W-doped indium oxides 
as respect to the undoped ones (from 24.69% till 16.53% for SA- In2O3 and SA-W- 
In2O3 and from 43.51% until 31.46% for HT- In2O3 and HT-W- In2O3 with respect 
to the total oxygen, respectively). 
Moreover, the W4f spectrum of SA-W-In2O3 (and this is true also for HT-W-In2O3) 
is a doublet with BE equal to 35.6 eV considering W 4f7/2 and 37.7 eV of W 4f5/2 
as depicted in Figure 16.  
 
 
Figure 16. HR XPS spectra of W4f carried out on SA-W-In2O3. 
 
This XPS spectrum confirms the presence of tungsten in the W6+ oxidation state 
[61]. Results of high-resolution XPS carried out on O peaks is presented in Figure 
17. 
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Figure 17. HR XPS spectra of O1s carried out on SA-In2O3 (a) and SA-W-In2O3 
(b). 
 
These outcomes are in agreement with XRD analysis, in which shifts in the In2O3 
spectrum delineate that W6+ is present partially in solid solution in the In2O3 lattice, 
altering to a small extent the lattice parameters. 
As illustrated in Figure 17, the SA-W-In2O3 is characterized by higher levels of Oc 
in comparison with the pure SA-In2O3. Consequently, the W-In2O3 is able to adsorb 
more O2 on the surface since more vacancies can be filled. The sensing response 
take place mainly through transfer of electrons and with alterations in the quantity 
of Oc, so the sensor characteristics tipically are improving when chemisorbed 
oxygen and defects are higher. In addition, WO3 on the In2O3 surface is able to 
ameliorate the sensor response towards O3 through spillover-effect (e.g. increasing 
the efficiency in the dissociation of O3 into O2). The identycal behavior was 
assessed on the HT-In2O3 and HT-W-In2O3 samples. In this case, the signals 
generated by Oc is enhanced from 9.4% till 17.64% of the total oxygen and either 
In and O signals were shifted at bigger BE for the doped materials.  
 
5.3 Sensor performances of In2O3 and WO3-In2O3 
 
Firstly, the firing temperature (between 400 and 600°C) and the amount of WO3 
(in the range between 1.25 and 5 wt%) were optimized for SA sensors.  
An image of this sensor is illustated in Figure 18, and results for sensor response 
are summarized in Figure 19. 
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Figure 18. SA-In2O3 (a) and HT-In2O3 sensors. 
 
 
Figure 19. Sensor responses of SA-In2O3, doped with divesre amounts of 
WO3: 1.25, 2.5 and 5 wt% and fired at 400°C, 500°C and 600°C for 1 h upon 500 
ppb of O3 in dry conditions and 115°C. 
 
Maximum sensor response was achieved in the case of 2.5 wt% of WO3 as 
dopant and 600°C of firing temperature, ameliorating the adhesion of the layer onto 
the Al2O3 substrate and the ohmic contacts between the thick layer and the Pt 
interdigitated circuit at the same time. As a result, HT-In2O3 and HT-W-In2O3 were 
fabricated by firing at 600°C for 1 h the device either both SA-W-In2O3 and HT-
W-In2O3 have 2.5 wt% of WO3 doping. 
Figure 20 illustrates the sensor response for all the sensors between 25 and 
200°C. Generally, the sensor’s impedance (Z) starts from hundreds of Ω in dry 
conditions of synthetic air and reaches up to tens of kΩ upon O3 0.5 ppm. The best 
operating T was 115°C for SA- In2O3 and SA-W-In2O3, and equal to 100°C for HT- 
In2O3 and HT-W- In2O3, as displayed in Figure 20. 
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Figure 20. Sensor response at different working T (25-200°C) upon 0.5 ppm 
of O3: SA-In2O3, SA-W-In2O3, HT-In2O3 and HT-W-In2O3. 
 
It is noticeable that, by adding 2.5 wt% of WO3 to both SA-In2O3 and HT-In2O3 
with, an amelioration of sensor characteristics was achieved. In fact, in the case of 
W-doped In2O3 more Oc is available during the O3 adsorption that involves the 
filling of oxygen vacancies in accordance with the equation 6. 
 
𝑂3𝑔𝑎𝑠+𝑂−−𝑉Ö+ 𝑉Ö+𝑒 (O3—𝑉Ö) 𝑎𝑑𝑠+ 𝑂−−𝑉Ö (6) 
 
In this equation, O3 has a huge affinity towards oxygen vacancies (𝑉Ö) in 
comparison with the adsorbed oxygen species, 𝑂−−𝑉Ö. In accordance with this 
mechanism, e- of the CB are consumed. After the I interaction with O3, the depletion 
layer thickness is enhanced, and the charge carrier amount decreased. 
 The sensor response increases by 48% after doping for SA-In2O3 at 115°C 
without variations on the best working T. For the synthesized In2O3 devices, an 
improvement of 111% of sensor response was fulfill at 75°C. Thus, for HT-sensors, 
optimum best working T was considerably lower (i.e. 75°C): this value is 
remarkably lower compared to the best operating T of commercial ones (i.e. 
115°C). In fact, by realizing via hydrothermal synthesis In2O3 nanostrcutures, a 
consistent increase of the sensor response and a decrease of the best operating 
temperature were reached. This is probably a consequence of the lower crystallite 
and agglomeration size and a superior SSA achieved for the HT-In2O3. Nonetheless, 
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the τads and τdes at 75°C were too long for real applications (they were in the range 
10-12 min), and as a result the optimum best working T was selected to be 100°C. 
In these conditions, sensor τads and τdes were equal to 2 minutes after exposure to 
500 ppb of O3 as tabulated in the Table 4. 
The changes in Z of the sensor with the highest sensor response towards O3, 
HT-W-In2O3, at the optimized temperature of 100°C upon diverse O3 concentrations 
(between 200 and 500 ppb), are represented in the next Figure 21a, and the 
corresponding calibration curve in Figure 21b. 
 
Figure 21. Changes in impedance of HT-W-In2O3 sensor towards different 
[O3] at 100°C (a) and its calibration curve (b). 
 
From the Figure 21, the calibration curve of HT-W-In2O3 sensor upon O3 0.2-
0.5 ppm at 100°C exhibits a linear relationship, and a sensitivity of 0.879 ppm-1 was 
obtained, accordingly with IUPAC definition. Sensor τads and τdes of HT-W-In2O3 
film are both resonably short. In fact, they are around 1-5 minutes for the different 
O3 concentrations studied, as shown in Table 4, and the cinetic of sensing is faster 
at higher O3 concentration in accordance with the literature [62]. 
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Table 4. HT-W-In2O3 film response and recovery times at different O3 
amounts (200-500 ppb) at 100°C. 
O3 
concentration 
(ppb) 
τads (s) τdes (s) 
200 992 298 
300 567 241 
400 387 129 
500 267 199 
 
Thus, the selectivity of the proposed sensors was investigated, and results are 
illustarted in Figure 22 after interaction of the sensors with NH3 50 ppm, CH4 50 
ppm, air + RH 50%, CO2 500 ppm, N2O 15 ppm, CO 10 ppm and NO2 250 ppb. 
 
Figure 22. Cross-sensitivity tests for SA-In2O3, SA-W-In2O3, HT-In2O3 and 
HT-W-In2O3 films at 100℃. 
 
For all the four types of sensors, the main interferences are nitrogen dioxide, as 
expected, and humidity. RH is well-known to decrease the baseline resistance for 
most of the SMOx investigated [63], even if in the case of SA-W-In2O3 and HT-W-
In2O3 the interference is noticeably reduced upon interaction with water molecules.  
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On the opposite, HT-base In2O3 sensors display a higher sensor response for 
NH3 50 ppm compared to the commercial indium oxides. 
Taking into account other oxidant species, no cross sensitivity towards CO2 was 
evidenced and a cross sensitivity towards NO2 was assessed, as aspected 
considering that the interaction mechanism is similar of that for O3. Nevetheless, 
the interference of NO2 is decreased for the W-In2O3, for either SA and HT 
powders. When WO3 acts as dopant into the In2O3 matrix, the selectivity for O3 is 
higher in terms of RH and NO2 but it is decreased with respect to NH3. In general, 
In2O3 chemical sensors are remarkably more sensitive upon oxidizing species 
compared to the reducing ones, in agreement with the state of the art [64,2]. The 
variation between sensor performances upon NO2 and O3 can be justified by the 
diverse oxidant power of those gases. WO3 is probably able to favour an effective 
spillover mechanism upon O3 interaction by promoting an efficient dissociation of 
O3 into O2 while for NO2 the mechanism is different. 
In addition, the humidity effect was investigated for the proposed sensors after 
the interaction of the sensors with different concentrations of RH: 30%, 50% and 
70% for 15 min. Outcomes are illustrated in Figure 23 by calculating the sensor 
response R like the ratio between the impedance upon dry air (Z0) and the 
impedance in humid air (Zg) at the equilibrium.  
 
Figure 23. Humidity influence at 30-50-70% of RH for the four sensors at 
100°C. 
 
The WO3-doped devices display a modest interference due to humidity 
comparing with the base line impedance value in dry air compared to the undoped 
materials ones. This is in accordance with XPS investigations where a drop in the 
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OH amount was measured for W doped-indium oxides. Surprisingly, for HT-W-
In2O3, no variation in Z were measured at higher level of RH than 30%. On the 
opposite, a linear dependence between sensor response and RH amount was 
measured for the rest of the devices. In the case of W-In2O3 sensors, saturation 
caused by water molecules adsorption accur at lower water molecules amounts with 
respect to the undoped sensors. 
Finally, in Table 5, results obtained in this thesis are compared with other 
studies dealing with In2O3-based sensor for O3 monitoring. 
 
Table 5. State of the art of In2O3 thick layer heated O3 sensors. Elaboration 
from ref. [2]. 
Technological 
route  
Film 
thickness 
Crystallite 
size 
Max 
sensor 
response 
R: 
(Rg/Ro) 
Conditions of 
measurements References 
Thick film, 
drop coating 2 µm 12 nm 300 
85℃, 250 ppb, 
dry [65] 
Thick film, 
drop coating / 8 nm 1500 
200℃, 100 
ppb, dry [9] 
Thick film, 
screen printing / 8 nm 100 235℃, 1 ppm [21] 
Thick film, 
screen printing 20 µm 20 nm 120 270℃, 1ppm [66] 
Thick film, 
screen printing 20.6 µm 25.6 nm 464 
100°C, 500 
ppb, dry This work 
 
 
By comparing the results of this thesis with those of other researchers working 
with In2O3 thick-films for O3 detection, the optimum response is usually obtained 
between 200° and 350°C. Only in the work of Starke [65] achieved the highest 
response at 85°C, a similar operating T of this thesis (100°C). Nevertheless, the 
synthesis method was laser ablation, the deposition was drop coating and the 
thickness of the film (2 instead of 20.6 microns) was different too.  
The gas-sensing mechanism of In2O3-based devices is predominantly 
controlled by the surface at T<100°C [67], and from [68], it is established that 
between 100°C and 200°C, it is dominated either by bulk and surface phenomena.  
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When O3 interacts with the In2O3, it is dissociated according with the equation 
7: 
O3 (g) →O3 (s) + e− → O2 (g) + O−(s) (7) 
 
In which e− represent an electron that is accountable for the conduction in the 
In2O3 layer, O−(s) are surface oxygen ions, and O3 (g) and O2 (g) are the adsorbing 
ozone and the desorbing oxygen molecules, respectively [1]. When In2O3-based 
devices interact with O3 molecules, the gas interacts with the Oc, that are more in 
number in the W-In2O3 with respect to the undoped In2O3, as verified in XPS 
analysis. E- are catched from the CB enahncing the film impedance. When the In2O3 
sensors are under air flow again, film recover fast to the initial electronic state 
despite of the low working T. 
The chemisorbed oxygens of the metal oxide accelerate the decomposition of 
O3 on the sensor surface increasing the sensor response towards ozone. 
When electrons are released from the surface of In2O3, the impedance increases 
until a determined temperature, over that the exothermic adsorption of gas becomes 
tricky and the analyte begin desorbing widely, resulting in a consistent decrease in 
the sensor response up to 150°C as illustrated in figure 20. The improvement of O3-
sensing properties of the W-doped In2O3 films is probably a result of the synergic 
effect of the WO3 and In2O3 NPs. WO3 is partially present on the In2O3 surface and 
it avoids the In2O3 agglomeration refining effective pathways for adsorption and 
diffusion of O3. Consequently, hetero-junctions between WO3 and In2O3 generate 
a typical e- donor–acceptor system. As a consequence, the synergic effect of WO3 
and In2O3 species with diverse sizes are efficient factors to amelioate the low-T gas 
sensing performances of the WO3-doped In2O3. 
Among different WO3 concentrations investigated, in accordance with [69] a 
WO3-doping of 3 at%, a comparable amount of the proposed sensor, the lowest 
value of resistivity and the highest carrier mobility were measured among several 
WO3 doping amounts onto In2O3 layer.  
When enhancing the concentration of oxygen vacancies in the MOS, more e- 
are disposable, increasing its n-type features. As a result, the Fermi level was shifted 
nearer to the CB, shifting the VB upward too. Moreover, the electron affinity of the 
semiconductor is enhanced since more e- are provided from WO3 to In2O3 giving a 
superiori electron affinity by forming the oxygen vacancies. 
Presumably, WO3 promotes the generation of Schottky heto-junctions with 
In2O3 at nanoscale. This led to a transfer of electrons to In2O3, diminishing the 
energy needed in order to create oxygen vacancies into the lattice. An effective 
dissociative oxygen chemisorption is favoured by WO3, with a spillover mechanism 
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that is an efficient way to refill the oxygen vacancies. As a result, superior 
sensitivity and quicker response of the indium oxide sensors were achieved [70]. 
The baseline Z of WO3-doped devices is smaller with respect to the undoped 
ones, proofing the increased number of e-, that are inserted into the oxide lattice by 
interstitial metal atoms or by oxygen vacancies for maintaining the whole neutrality 
in the In2O3 crystal. 
If we compare the sensitivity of commercial and synthetized In2O3, the 
sensitivity of In2O3-based layer (around 20 µm) upon O3 is governed by either the 
sizes of the crystallites and of the agglomerates. 
In accordance with other works in the field of chemical sensors related to highly 
agglomerated MOS, not solely the crystallite size, but the dimensions of 
agglomerates and the gas penetrability too are essential factors that control both the 
kinetics and the sensitivity. 
In the case of agglomerated MOS in thick film devices, it is of paramount 
importance to adjust mainly the dimensions of agglomerates. Laser granulometry 
investigation assesses the lower size of agglomerates from SA-In2O3 to HT-In2O3. 
In addition, XRD analysis confirms that also the dimension of crystallites is smaller 
for HT-In2O3 with respect to the SA-In2O3 powders and that WO3 alters the lattice 
parameters to some extent inside the cubic In2O3 crystal. 
The O3 adsorption mechanism involves both the crystallites and the 
agglomerates, and for HT-In2O3 devices a significant drop of either parameters was 
reached enhancing remarkabily the sensor performances for O3 monitoring [51]. 
 
5.4 Influence of film thickness on sensor response 
 
With the aim to investigate the influence of the film thickness on the sensor 
response towards oxidant and reducing species, sensors were manifactured by 
screen-printing deposition on α-Al2O3 with Pt intedigited electrodes and a Pt heater 
on the backside (CeramTec, DE), received from University of Tubingen.  
The same ink was deployed as described in the chapter 3. In order to prepare 
different film thicknesses, after the deposition of the prime layer, it was dried and 
an other layer was deposited on it subsequently. 
In Figure 24 the sensors prepared onto CeramTec substrates and tested at the 
University of Tubingen are shown. The performances of HT-In2O3 sensors were 
investigated with respect to O3, NO2, H2 and humidity between 75°C and 150°C. 
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Figure 24. Sensor realized over CeramTec substrates. 
 
The resistances of the sensors were measured using Keithley 6517B 
electrometers and 6487 picoammeters at the University of Tubingen. Various 
concentrations of O3, NO2 and H2 were provided by a computer-regulated gas 
mixing system with mass-flow controllers in dry air and at diverse relative humidity 
levels at various temperatures by means of one or more power supplies. O3 was 
supplied by a corona discharge generator, while NO2 and H2 were supplied by 
certified gas bottles. Every test gas concentration was pulsed for one hour or one 
hour and a half. Between the different tests, the test chamber was flowed with 
synthetic air. The entire protocol of tests was realized in a dry synthetic air 
background and in 30% and 60% of relative humidity (RH) to evaluate the effect 
of the humidity on the sensor response. 
The sensor response (R) was calculated in accordance with the equation (8) for 
oxidant species and with equation (9) for reductant ones: 
 
R: Rg/R0 (8) 
R: R0/ Rg (9) 
 
Where Rg and R0 are the resistances upon analyte and the baseline resistance 
upon air of the film at the equilibrium, respectively. 
Sensors with different thicknesses were realized in the range between 10 and 
100 µm to study the role of the sensor thickness on the sensing performances. This 
was verified both towards oxidant gases (O3 and NO2) and reducing ones (H2). The 
10 µm (1 layer of deposition) and 20 µm thickness (2 layers) were realized at 
Politecnico di Torino, while 40 (1 layer), 70 (2 layers) and 100 µm (3 layers), were 
prepared at University of Tubingen by screen printing technique using the same ink 
described above. Sensor thicknesses were determined by cross-sectional FESEM 
observations at Politecnico di Torino and by means of laser topography (MicroProf 
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CHR 150 N, with a High-Resolution Optical Sensor, FRT, DE) at the University of 
Tubingen. 
 
5.4.1 Electrical measurements  
 
The first set of measurements was performed at 75°C upon an uniform gas flow 
of 300 SCCM with the sensor having 10 µm of thickness (1 layer of deposition). 
Adsorption and desorption times were respectively equal to 1 hour and 1.5 hours. 
Sensor was exposed to the following concentrations: 100, 200, 400, 800 and 1600 
ppb of O3; 200, 400, 800 and 1600 ppb of NO2; 20, 40 and 80 ppm of H2. Results 
are shown in Figure 25 at different humidity level: 0%RH, 30%RH and 60%RH. 
 
Figure 25. 10 µm thick sensor resistance variation under O3, NO2 and H2 and 
different relative humidity levels: 0, 30 and 60% at 75 °C. 
 
Under O3 and NO2 exposure, the film resistance increases sharply from 10 kΩ 
to some MΩ while no consistent drop in the resistance was measured under 
hydrogen exposure. Calibration curves for the 3 gases are illustrated in Figure 26. 
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Figure 26. Calibration curves for 10 µm thick In2O3 sensor upon O3 (a), NO2 
(b) and H2 (c) at 75°C under 0%, 30% and 60% RH. 
 
Best results were achieved at higher humidity values for both oxidant gases, 
while for H2 the tendency is the inverse, because of the competition between H2 and 
H2O for the identical adsorption centres on the In2O3 surface. 
A comparison between sensor response towards O3 and NO2 under different 
humidity values is reproduced in Figure 27.  
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Figure 27. Comparison between sensor response towards O3 and NO2 for 
0%RH (a), 30%RH (b) and 60% RH (c) at 75 °C. 
 
Comparing the results obtained at 75°C, at higher values of humidity the sensor 
response towards O3 increases compared to that towards NO2, probably because of 
the decrease in the baseline resistance when In2O3 film is exposed to 60% of relative 
humidity and a synergic effect of humidity in the sensor response for oxidant 
species. In addition, O3 is known to be a stronger oxidant agent than NO2. However, 
the sensitivity (slope of the curve R=f ([gas]) is higher for NO2 respect to O3. 
The same sensor was tested also at 115°C since at 75°C desorption of O3 and 
NO2 are not complete, even after 90 minutes. Relative humidity values of 30 and 
60% were selected since at those levels best results were attained at 75°C. Results 
are shown in figure 28 for 1 hour-pulses of gas and 1.5 hour of desorption under 
synthetic air. The sensor interacted with the following gas concentrations: 100, 200, 
400, 800 and 1000 ppb of O3; 200, 400, 800 and 1000 ppb of NO2, 20, 40, 80 and 
160 ppm of H2 (Figure 28). 
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Figure 28. 10 µm thick sensor resistance variation under O3, NO2 and H2 and 
different relative humidity values: 30 and 60% at 115°C. 
 
Under O3 and NO2 exposure, film resistance enhances sharply from 30 kΩ to 
10-100 MΩ while only a moderate decrease in the resistance was found under 
hydrogen exposure. Moreover, almost complete desorption of target gases takes 
place at this temperature. Calibration curves for the 3 target gases are drawn in 
Figure 29. 
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Figure 29. Calibration curves for 10 µm thick In2O3 sensor upon O3 (a), NO2 
(b) and H2 (c) at 115°C under 30% and 60% RH. 
 
No consistent variation among the two humidity values was detected for almost 
all gases. The comparison between sensor responses towards O3 and NO2 is 
reproduced in Figure 30 under 30% and 60% of relative humidity.  
 
Figure 30. Comparison between sensor response towards O3 and NO2 for 
30% RH (a) and 60% RH (b) at 115°C. 
 
At 115°C, the relative response under O3 is higher compared to the response 
under NO2 under 30 and 60% of humidity. This trend is even more significant at 
bigger amounts of the analyte.  
The same sensor was then tested at 150°C under the same relative humidity 
values of 30 and 60%. Results are represented in figure 31 with pulses of gas for 1 
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hour followed by 1.5 hour of desorption under synthetic air. The sensor was 
exposed to the following concentrations: 100, 200, 400, 800 and 1000 ppb of O3; 
200, 400, 800 and 1000 ppb of NO2; and finally, 20, 40, 80 and 160 ppm of H2. In 
addition, some repeatability tests were carried out under O3 100, 200, 400 and 800 
ppb for three times in a row. Results of 10 µm thick film are displayed in Figure 
31. 
 
Figure 31. 10 µm thick sensor resistance variation under O3, NO2 and H2 
upon 30 and 60% of RH at 150°C. 
 
At 150°C, the sensor response towards O3 sharply grows, while that towards 
NO2 decreases compared to the results obtained at 115°C. As a result, the selectivity 
of In2O3 sensor at 150°C improves significantly. In fact, the film resistance under 
30% of relative humidity was equal to 100 kΩ, while under 1000 ppb of ozone, it 
reaches almost 10 GΩ. 
On the opposite, only a moderate variation in film resistance was observed 
under 20-160 ppm of hydrogen. 
 The as-described variation is clear from the calibration curves for the three 
gases, illustrated in Figure 32. 
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Figure 32. Calibration curves for 10 µm thick In2O3 sensor under O3 (a), NO2 
(b) and H2 (c) at 150°C under 30% and 60% RH. 
 
No consistent differences between the two humidity levels for sensor response 
towards hydrogen was detected (the maximum value of sensor response was equal 
to 1.2), confirming the result obtained at 115°C. Thus, considering NO2 
measurements, at this temperature no differences between 30 and 60% of RH was 
measured. On the opposite, sensor response under O3 is considerably higher 
compared to NO2, and this difference increases sharply at higher humidity values. 
Finally, a comparison between sensor responses towards O3 and NO2 is reproduced 
in Figure 33 under 30% and 60% of relative humidity.  
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Figure 33. Comparison between In2O3 sensor response towards O3 and NO2 
for 30% RH (a) and 60% RH (b) at 150 °C. 
 
At 150°C, the sensor response under O3 is remarkably higher compared to the 
NO2 one and this trend is confirmed both under 30 and 60% of humidity. In humid 
conditions, the ozone sensitivity clearly increases, and the selectivity for O3 
detection also improves with respect to NO2. 
Results of repeatability test for three O3 measurements in the range 100-1000 
ppb are illustrated in Figure 34 for 30% and 60% of RH. 
 
Figure 34. Repeatability test for In2O3 sensor towards O3 100-1000 ppb under 
30%RH (a) and 60% RH (b) at 150 °C. 
 
Sensors exhibit a good repeatability towards O3, with variation in the sensor 
response smaller than 7%. 
A general comparison among all the measurements performed at different 
temperatures and concentrations of O3 and NO2 is shown in Figure 35 for 30% (a) 
and 60% of RH (b). 
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Figure 35. Calibration curves for ozone and nitrogen dioxide between 75 and 
150°C under 30% RH (a) and 60% RH. 
 
The sensor response under O3 increases from 75°C to 150°C, whereas under 
NO2 the sensor response is lower at 150°C compared to 75°C and 115°C both with 
30 and 60% of relative humidity. As a result, at 150°C, the selectivity to O3 is 
improved for the HT-In2O3 sensor. 
At the best working T of 150°C, devices with different thicknesses were tested 
(40 and 100 µm) and the results are displayed in Figure 36. 
 
Figure 36. 40 µm (a) and 70-100 µm (b) thick In2O3 ressistance’s variations 
toward O3, NO2 and H2 at 150°C and 30% RH. 
 
For 40 µm thick sensors, the resistance under 30% of RH is around 30 kΩ and 
reaches almost 10 GΩ under 1 ppm of O3 changing its value by 5 orders of 
magnitude. On the other side, the influence of NO2 is considerably lower and almost 
no response is detected for H2.  Concerning 70 and 100 µm thick sensors, a decrease 
of the sensor response by increasing the film thickness was noticed, as expected. In 
fact, the resistance increases from around 100 kΩ to almost 1 GΩ for 70 µm thick 
film and from similar initial values until 10 MΩ for 100 µm thick film under 1 ppm 
of O3 (Figure 37). 
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Figure 37. Comparison between sensor responses of 10, 40, 70 and 100 µm 
thick In2O3 layer under O3(a), NO2 (b) and H2 (c) at 150°C and 30% RH. 
 
Under 30% RH, the impact of film thickness is more pronounced under O3 with 
respect to NO2, and 10-40-70-100 µm thick films exhibit a logical trend where, by 
changing the sensor thickness of one order of magnitude, the sensor response 
changes of three orders of magnitude upon 1000 ppb of O3. Upon NO2, solely a 
minute influence of the layer thickness was noticed on the sensitivity. At the end, 
the cross-sensitivity with H2 is marginal since the sensor response upon hydrogen 
does not depend on the layer thickness. 
N2-syn air measurements were carried out at 115°C at Politecnico under 1000 
sccm to understand the oxygen adsorption capability of the indium oxide undoped 
and doped sensors in dry conditions. Sensors with the same layer thicknesses (20 
µm) were evaluated (10-100 µm), and results are presented in Figure 38. 
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Figure 38. N2-syn air measurement for HT-In2O3 (black) and HT-W-In2O3 
(red) at 115°C and 0% of RH. 
 
The ratio between the value of the resistance under dry air and nitrogen at the 
equilibrium is equal to 5.8 for undoped indium oxide and 6.9 for the W-doped 
sensor, describing a good capability of indium oxide sensors for oxygen adsorption, 
especially for the doped one, confirming the results obtained in the XPS analysis. 
 
5.5 DRIFT measurements 
 
The surface reactions of the sensors were studied by operando diffuse 
reflectance infrared Fourier transform (DRIFT) spectroscopy (Bruker Vertex80v 
spectrometer), with a home-made test chamber with a KBr window and a liquid 
nitrogen cooled MCT (mercury cadmium tellurium) detector. The spectral 
resolution is equal to 4 cm−1. Sensors were heated at the best operating temperature 
(150°C) and the resistance of the sensitive film was measured by an electrometer 
(Keithley 617). The analytes were supplied with a computer-controlled gas mixing 
system with a constant flow of 200 SCCM. Spectra were recorded every 15 min. A 
reference spectrum was recorded before every target gas interaction under dry air, 
and the spectrum of the sample was registred after each measurement from which 
the absorbance was calculated following the relationship (10): 
 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −𝑙𝑜𝑔
(𝑠𝑖𝑛𝑔𝑙𝑒⁡𝑐ℎ𝑎𝑛𝑛𝑒𝑙⁡𝑡𝑒𝑠𝑡⁡𝑔𝑎𝑠)
(𝑠𝑖𝑛𝑔𝑙𝑒⁡𝑐ℎ𝑎𝑛𝑛𝑒𝑙⁡𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
 (10) 
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Here the focus of the investigation is to understand the impact of O3 and NO2 
on the thick-film resistance and which species are formed after the interaction of 
HT-In2O3 and HT-W-In2O3 with those oxidizing gases. Under dry air, the main ions 
onto the In2O3 surface are oxygen species, both O2− or O−. Higher amounts of 
ionosorbed oxygen species further enhances the e- trapped through the CB of the n-
type In2O3 and this increases the film resistance, as measured. In surface-sensitive 
DRIFTS conditions, the electrical resistance is recorded simultaneously to 
understand the interaction of NO2 and O3 with the surface of In2O3 validating 
clearly the relation between the structure of the surface and the adsorbed species 
with the sensitivity of the sensor. Deconvolution and fitting of the main spectra was 
performed by means of LabSpec software (ver 5.0). 
HT-In2O3 and HT-W-In2O3 devices with the same thickness (10 µm) were 
tested at the best working T of 150°C for O3 detection under H2O/D2O, NO2 and 
O3. 
 
5.5.1 H2O/D2O test 
 
For evaluating the role of OH groups, tests of H2O/D2O exchange were 
performed for either doped and undoped In2O3 sensors. The sensors were exposed 
for 6 hours to 10% relative humidity and then other 6 hours in 10% of D2O. Results 
are depicted in Figure 39. 
 
 
Figure 39. H2O/D2O experiment at higher (a) and lower (b) wave numbers. 
 
Comparing In2O3 with W-In2O3, the later sensor presents a higher degree of 
exchange H2O/D2O revealing a huge presence of pre-existing OH groups on the 
MOS surface, expecially in the region 3658-3629 cm-1 (frequency of the terminals-
OH stretching). They interact with other surface species via H bonding.  
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Indium oxide sensor shows a broad band centred at 3250 cm-1 typical of H 
bonds. When indium oxide is exposed to water, it reacts with surface oxygens 
forming OH groups and increasing the conductivity of the film following the 
equation 11: 
 
𝐻2𝑂
𝑔𝑎𝑠 + 𝐼𝑛𝐼𝑛 + 𝑂𝑂 ⇌ (𝐼𝑛𝐼𝑛
𝛿+ − 𝑂𝐻𝛿−) + (𝑂𝐻)𝑂
∙ + 𝑒 (11) 
 
5.5.2 NO2 test 
 
Both undoped and doped sensors of 10 µm in thickness were tested in operando 
at the best operating temperature, 150°C under 10 ppm of NO2 for 3 hours in dry 
and 10% of relative humidity conditions. The resistance measurements are shown 
in Figure 40 for both sensors, where a comparable sensor response for In2O3 and 
W-In2O3 was measured. However, doped material is more conductive because WO3 
drains a large quantity of electrons to the In2O3 as previously decribed. 
  
Figure 40. Resistance measurement during DRIFT of In2O3 and W-In2O3 in 
dry and in 10% of RH. 
 
As previously shown, a slight raise in the sensor response was measured in dry 
conditions for the synergyc effect of the water vapor in the adsorption of NO2 at 
150°C. In Figure 41 the spectra in dry and wet conditions is depicted for both In2O 
and W-In2O3 sensors. 
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Figure 41. NO2 10 ppm measurement in dry and 10% of RH at higher (a) and 
lower (b) wavenumbers. 
 
Generally, In2O3 has more absorption bands than W- In2O3. For this reason, the 
deconvolution was performed only on the HT-In2O3. At 2860 cm-1a signal is 
present, probably due to residual CTAB used as capping agent in the synthesis, and 
determined only on the undoped material.  
N2/100 ppm air experiment was also carried out on HT-In2O3 sensor with the 
aim of distinguishing the In-O bonds due to NO2, and those to oxygen. Results are 
plotted in Figure 42. 
 
 
Figure 42. N2/O2 100ppm measurement for In2O3 sensor at higher (a) and 
lower (b) wavenumbers. 
 
Between 2200-800 cm-1, for In2O3 sensor under 10 ppm NO2 in dry air, the 
baseline was subtracted as in Figure 43. 
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Figure 43. Subtraction of the baseline between 2200-800 cm-1 for In2O3 
sensor under 10 ppm NO2 in dry air. 
 
The intense signal at 1547 cm-1 and that at 1234 cm-1 are probably a 
consequence of the interaction of surface OH and adsorbed H2O with adsorbed NO2 
present as nitrites [71]. 
In addition, there is no evidence of the bands in the OH region under NO2 
exposure, proving that OH groups, caused by adsorbed H2O, play a crucial part 
during adsorption of nitrogen dioxide and they are consumed when NO2 is adsorbed 
onto In2O3. In fact, hydrogen bonds are broken in this process. 
To conclude, the “wet“ surface is beneficial for the adsorption of NO2 as 
described in the resistance measurements session, and nitrites adorption via 
formation of H bonds with the free OH groups is the main mechanism of adorption 
of NO2. 
 
5.5.3 O3 test 
 
Both In2O3 and W-In2O3 sensors of 10 µm in thickness were tested in DRIFT at the 
same temperature, 150°C under 700 and 1500 ppb of O3 respectively for 2 hours 
under 10% of relative humidity. The resistance measurements for the two samples 
are exhibited in Figure 44. 
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Figure 44. Resistance measurements during DRIFT of In2O3 and W-In2O3 
under 10% of relative humidity and 700-1500 ppb of O3 at 150°C. 
 
The W-In2O3 sensor response is higher compared to the In2O3 sensor, since 
under 10% of relative humidity the film resistance of the doped material is lower 
than 10 kΩ and it reaches 10 GΩ under 1.5 ppm of O3, changing the film resistance 
of 6 orders of magnitude. The undoped indium oxide film resistance change of 4 
orders of magnitude under 700 ppb of O3, in accordance with the electrical 
measurements described above. Thus, the In2O3 τads is faster (i.e. in the few minutes 
range) comparing to the W- In2O3 (in the order of minutes). 
In Figure 45 the spectra in wet conditions are depicted for In2O sensor under 
700 and 1500 ppb of O3 
 
Figure 45. O3 700 and 1500 ppb O3 DRIFT measurement of In2O3 sensor 
under 10% of relative humidity at higher (a) and lower (b) wavenumbers. 
 
In addition, in Figure 46 the spectra in wet conditions are illustrated for W-In2O 
sensor under 700 and 1500 ppb of O3. 
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Figure 46. O3 700 and 1500 ppb O3 DRIFT measurement of W-In2O3 sensor 
under 10% of relative humidity at higher (a) and lower (b) wavenumbers. 
 
Peaks deconvolution was performed between 2500-800 cm-1 for In2O3 and W- 
In2O3 sensors under 1500 ppb of O3 and 10% RH where the peak intensity was 
higher respect to other regions of the spectrum in Figure 47. 
 
Figure 47. Subtraction of the baseline between 2500-800 cm-1 for In2O3 (a) 
and W-In2O3 (b) films under 1500 ppb of O3 in 10% RH. 
 
No signals due to intermediate species like ozonide O3- at 790 cm-1 and 
superoxide O2- at 1124 cm-1 that are probably intermediates in O3 decomposition 
on acid sites like In3+ cations close to the base sites (i.e. surface oxygen) were 
detected in In2O3 spectra [72]. 
According to [72] there are two principal ways for O3 adsorption on theoxide 
surface: the first is through the terminal oxygen atom of ozone bonding with a OH 
on the oxide, whereas the second one is through the terminal oxygen atom of ozone 
bonding with a Lewis active site on the oxide.  
Atomic oxygen vibration band appears usually at 1317 cm-1, but in this 
experiment this peak was found at 1288 cm-1. This is formed in the possible surface 
reaction (12): 
O3 + O2- → O2 + O +O2- (12) 
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O3 behaves as a Lewis base and it can be adsorbed on weak Lewis acid sites 
decomposing to form oxygen radicals onto Lewis sites. The interaction of O3 with 
these sites is a consequence of its resonance structure, in which the great density of 
e- at one of the oxygen atoms acts as strong base, with a great affinity for acid 
surface sites. These are essentials in the interaction between O3 and the oxide. 
Signals 1020 and 994 cm-1 are presumably generated by peroxide formation during 
ozone adsorption and decomposition, and their intensity increases by enhancing the 
O3 concentration. Moreover, the signal at 1022 cm-1 with a shoulder at 1054 cm-1 is 
probably due to physisorbed O3 still present at 150°C.  
The region between 1282 and 1862 cm-1 is full of bands due to carbonate-like 
species generated via reactions of ozone with remaining carbonaceous impurities. 
Finally, also 2363-2332 cm-1 large bands are probably generated by CO adsorption. 
From this investigation, it appears difficult to extract any additional information 
after the interaction of W-In2O3 with O3, and generally broader peaks were found 
compared to the undoped indium oxide. For the W-In2O3, the variation in the 
resistance values is huge (6 orders of magnitude) under 1.5 ppm of O3 and even 
higher compared to the undoped In2O3, but the fitting of extremely broad peaks 
could be arbitrary. 
 
5.6 Conclusions 
 
In this chapter, the properties of indium oxide-based sensors were investigated. 
In2O3 was successfully synthetized by hydrothermal route and tungsten-doped 
indium oxide was realized by impregnation method. τads and τdes of the sensor were 
around 1-5 minutes both for the doped and undoped indium oxides. The gas sensing 
features towards O3 of In2O3 NPs synthetized by hydrothermal route using CTAB 
as capping agent with lower dimensions of crystallites and agglomerates as well as 
an increased SSA was achieved comparing with the commercial In2O3 in terms of 
best working temperature, rate of sensor response and selectivity towards O3. 
Furthermore, impregnation with WO3 at 2.5 wt% results in a partial solid solution 
generation and WO3 is present also on the surface improving the decomposition of 
O3 by spillover effect ameliorating the selectivity and the sensitivity for ozone 
detection. In addition, sensors with different thicknesses between 10 and 100 µm 
were manifactured by screen printing deposition. In this study, an increase in the 
sensor response of 3 orders of magnitude upon 1000 ppb of O3 was achieved by 
decreasing of 1 order of magnitude the film thickness. The maximum sensor 
response and the higher selectivity with respect to O3 was measured at 150°C, at 
relatively low temperature in metal oxide-based sensors. By means of DRIFT 
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operando measurements under nitrogen dioxide and ozone at the optimum 
operating temperature we have analyzed some of the surface species responsible for 
NO2 and O3 detection. It has been described that the sensing mechanism is rather 
complex, involving OH groups and adsorbed H2O in the mechanism of adsorption 
of nitrites during NO2 exposure and carbonate-like species generated through 
reactions with ozone. Further investigations in operando DRIFT at different 
temperatures under O3 will elucidate the temperature-dependent species that are 
formed on In2O3 surface. 
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Chapter 6 - Humidity sensors 
 
Abstract 
Humidity is a common component in the environment, and the accurate and reliable 
measurement of its amount is fondumental for several industries and technologyes 
and in environmental monitoring [1, 2]. 
For instance, a lot of domestic applications requires humidity sensors in the smart 
control of the buildings and laundry environments, and in the control of microwave 
ovens. Concerning the car industry, sensors able to detect humidity are utilized in 
motor assembly lines and in rear- window defoggers. In agriculture, humidity 
sensors are adopted in air conditioning, protection of vegetation, cereal storage and 
in control of soil moistures. Thus, in medicine, humidity sensors are employed in 
several machines like those for respiratory monitoring incubators, sterilizers and 
pharmaceutical processing. In addition, humidity sensors are applied for monitoring 
of chemical gas purifcation, ovens, dryers, textile and paper production as well as 
processing of food.  
A wide range of humidity sensors with several sensing materials have been 
developed so far. 
Since water is an essential component of all living organisms on Earth, as well as 
for the major part of the materials utilized by people, it can influence substantially 
the chemical-physical, mechanical and technological features of either biogenic and 
antropogenic materials [3]. 
 
6.1 Humidity detection 
 
6.1.1 Some definition about humidity  
 
The word ‘moisture’ is related to the content of H2O in a solid or in a liquid, that is 
removable without alteration of of its chemical characteristics, whereas ‘humidity’ 
is referred to the concentration of water vapor present in gases. The amount of 
humidity (absolute or relative) is measured by hygrometer, an instrument invented 
by Sir John Leslie [4] that is sensitive to water molecules. 
Absolute humidity is determined as the density of water vapor content in a unit 
volume or the mass of water vapor (m) in a unit volume of wet gas (V) (eq 1): 
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𝑑𝑤 ≔⁡
𝑚
𝑉
  (1) 
The mixing or humidity ratio r is the mass of water vapor in a unit mass of dry gas. 
Relative humidity (RH) is the ratio between the current water vapor pressure (PW) 
and the saturated vapor pressure (PS) (eq. 2): 
 
𝑅𝐻 ≔ 100 ∗
𝑃𝑊
𝑃𝑆
  (2) 
 
RH is similarly determined as the ratio between the actual absolute humidity and 
the highest possible absolute humidity at a certain temperature; RH reveals the 
vapor amount as % of the concentration requested to generate the saturated water 
vapor. 
A different method to define RH is as the ratio between the current mole fraction 
of water vapor and that of water vapor in condition of saturation. The value of Pw 
and the partial pressure of dry air Pa correspond to the pressure in the area or equal 
to the Patm (atmospheric pressure), in the case the area is exposed to the atmosphere 
(eq. 3): 
 
𝑃𝑎𝑡𝑚 =⁡𝑃𝑊 + 𝑃𝑎  (3) 
 
at temperatures over the boiling point, water pressure could remove all different 
gases in the area. The atmosphere is completely consisting of super-heated steam. 
Here, 𝑃𝑎𝑡𝑚 =⁡𝑃𝑊. If T > 100°C, RH is a fallacious indicator of moisture amount 
since in this condition Ps is higher than Patm, and RH cannot achieve 100%. For this 
reason, at pressure of 1 atmosphere and T of 100°C, the highest RH value is equal 
to 100%, whereas at 200°C, this value drops to 6% [5]. 
The dew point (DP) temperature is the T where the water vapor’s partial pressure 
is maximum (i.e. it is saturated), compered to to an equilibrium with a flat ice 
surface. DP is the temperature where RH is equal to 100%. Alternatively, the DP 
corresponds to temperature that the air must attain to retain the highest quantity of 
moisture achievable. In the case the T coincides to the DP, the air is saturated, and 
frost or fog can be formed. The equations (4, 5 and 6) permits to extract DP from 
RH and T: 
 
𝐸𝑊 = 10(
0.66077+7.5𝑇)
237+𝑇   (4) 
 
𝐷𝑃 =⁡
[273.3(0.66077−𝑙𝑜𝑔𝐸𝑊𝑅𝐻)]
𝑙𝑜𝑔𝐸𝑊𝑅𝐻−8.16077
 (5) 
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𝐸𝑊𝑅𝐻 =⁡
(𝐸𝑊)∗(𝑅𝐻)
100
 (6) 
 
Where EW is the saturation vapor pressure over H2O, DP corresponds to the dew-
point temperature and all temperatures are expressed in Celsius degrees. 
The relative humidity is inversely proportional to the temperature. The DP is 
generally measured by means of a chilled mirror.  
The frost point is the T where the vapor condenses at temperatures lower than 0°C. 
Finally, a part per million (ppm) is the water vapor amount by volume fraction 
(ppmv). By moltipling it with the ratio between the molecular weight of H2O and 
that of air, it is represented as ppmw [4, 6]. 
 
6.1.2 Methods to measure humidity  
 
Humidity can be measured by several methods. Some consist in the detection of the 
partial pressure of vapor in the gas (e.g., RH). Measurements of dry and wet bulb T 
include the utilization of the psychometric chart (e.g. air conditioning). Thus, 
different approachesare based on the effect of humidity on the physical features and 
behavior of several compounds. 
Methods involve the measurement of the dew point, wet and dry bulb temperatures, 
chemical and physical adsorption methods, hair hygrometer, thermal conductivity 
meters, electrical conductivity meaurements and others [7]. 
In the measurement of the dew point, a mirror or other polished surfaces are 
cooledgradually. Here, the temperature of the water condensation can be defined. 
Since at the temperature of dew point the partial pressure of H2O in the gas is equal 
to that of satured gas at the same T, from the saturation curve on the psychrometric 
chart is possible to acquire the requested value of humidity. 
The accuracy of the formation of dew point determines the reliability of the 
measurement. This may be accomplished utilizing a photo-resistive optical-sensing 
bridge. Here, the amount of humidity is extremely low without condensation till the 
T of the surface is lower than 0°C, the moisture is deposited as a frost; this is 
detectable by techniques such as α particles attenuation. For achieving a great 
command of the cooling of the mirror, a thermoelectric module where heat is 
relocated distant from the polished surface by Peltier mechanism can be used. In 
order to reduce the surface temperature, this can be kept around 0°C. The gas is 
compressed till the partial pressure of the water vapor achieves the saturation when 
moisture begins to be deposed onto the surface.  
In the measurements of wet and and dry bulb temperatures, a gas stream flows 
quickly over a small wet surface with no variation in the air characteristics, 
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establishing a dynamic equilibrium with the heat conveyed from the air equipoised 
by the heat needed for vaporizing H2O at the surface. If the air flow rate is high 
enough, the predominant mechanism for the heat transfer is the convection. In this 
case, the ratio of the heat and mass transfer coefficients is fixed and the T where the 
surface drops will be the wet bulb temperature. For the air-water arrangement, the 
psychrometric ratio is about equal to 1 and the wet bulb T is the adiabatic saturation 
T. Therefore, the compositions of every air-water vapor mixtures are represented 
by the adiabatic- cooling lines on the psychrometric chart. 
Air-water vapor mixtures have the identical wet bulb and adiabatic saturation 
temperatures. So, if the adiabatic cooling line that corresponds to the measured wet 
bulb T is chosen, the point in this line that correspond to the dry bulb T furnishes 
the humidity value of the investigated gas. 
A wet and dry bulb hygrometer is constituted by two thermometers, the first 
equipped with a dry bulb and the second equipped with a wet bulb coated with a 
porous tissued saturated with H2O. Air is pulled quickly (> 5 ms−1) longer the 
thermometer bulbs and the two temperatures are measured when the temperature of 
the wet bulbs achieves the equilibrium.  
In the case of chemical/physical adsorption methods, a measured volume of gas 
passes through an appropriate absorbent whose increase in weight increase is 
monitored. The methodology is quite laborious but effective. Absorbents used for 
water vapor are P2O5 dispersed on pumice and concentrated H2SO4. 
In the air hygrometers, variations in shape and physical dimensions in accordance 
with the content of moisture that the sensitive material have absorbed. The materials 
used are cellulose-based like wool, hair and cotton, that are hygroscopic. 
The length of these materials is influences by the humidity amount in the 
environment and this property is exploitable in instruments with direct readings. It 
is mandatory to calibrate those instruments at frequent intervals due to the 0 
drifting, expecially if the instrument is utilized over a broad interval of humidity 
amounts. 
In thermal conductivity meters, of the degree of heat loss from a heated wire is 
dependent on the thermal conductivity of the gas, that depends on its moisture 
composition. A thermistor or a hot wire element is utilized to accomplish the duble 
function of temperature sensor and heat source. So, for a steady applied tension, the 
T and the resistance of the element are functions of the level of humidity of the gas 
in contact. 
In electrical conductivity measurements, the resistance of hygroscopic materials 
thin layers depends on the moisture content and on the temperature. Those 
parameters are functions of the content of humidity in atmosphere. An example is 
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the LiCl cell, constituted of fine fibers with a plastic frame conveying two 
electrodes attached to the fibers. The current with a steady applied tension through 
the electrodes results in a resistance measurement. The instrument is calibrated to 
provide immediate control of humidity amounts. A different option of system 
consists in a sensor as hydroxyethyl-cellulose film in a carbon particles matrix with 
high conductivity that swell in dependence of the moisture content in the 
surrounding environment. The resistance depends on the rate of compression of the 
matrix and the device can be calibrated to furnish immadiate readings of humidity 
contents. 
A wide range of other methods is available and each one is characterized by a 
diverse application. The pillars of operation are the following: 
➢ selective absorption of IR radiation 
➢ measurement of absorption heat onto a surface 
➢ electrolytic hygrometry in which a measurement of the electricity needed to 
electrolyze H2O that is adsorbed from the environment onto a thin layer of 
dryer is realized 
➢ piezoelectric hygrometry using a quartz crystal equipped with a hygroscopic 
layer where moisture is adsorbed from a wet gas and it is desorbed in a dry 
gas flow, alternatively 
➢ capacitance meters where the electrical capacitance depends on the 
deposition rate of moisture from the environment 
➢ alterations in color in active substances (e.g. in cobaltous chloride). 
In the next session, different humidity chemical sensors will be described more in 
detail, with a special focus on chemoresistive ones based on ceramic and carbon 
materials. 
 
6.1.3 Chemical humidity sensors 
 
Chemical sensors are analytical devices able to fulfill on-line and real-time 
informations regarding the presence and concentration of specific compounds in 
complex matrixes [8].  
These devices can additionally furnish a recommendable variant to the analytical 
method of the lab [9], and moisture and humidity detectors can be applied in several 
areas of human activity. For this reason, the design and manifacture of chemical 
senors is now one of the most productive research areas [6,10].  
The major part of chemical sensors for water molecules detection detects water 
vapor. They are the so-called humidity sensors. Those are designed for the 
determination of water amount in the air [11].  
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Some humidity sensors can sense water vapor under saturated vapor situations in 
air [12] and under controlled vapor conditions without air [13]. 
As previously described, the most used strategy to refer the level of water vapor in 
the air is to consider the ratio between the actual water vapor pressure and that at 
saturation at a certain T, by measuring the relative humidity (RH). 
Humidity sensors can find many applications such as human breathing monitoring 
[14] or for humidity measurement in the exhaust gas of industrial textile dryers [15] 
and in a combustion process in surplus of air [16]. 
Different humidity sensors could find other applications, including the detection of 
water leakages, mapping on roofs and humidity measurements in situ on airplanes 
[17], measurement of water activity in foods [18] and humidity control in electronic 
devices [19].  
In some cases, humidity sensors can measure trace of humidity [20, 21] or detect at 
elevated temperatures [22, 23].  
The conditions for valid humidity sensors for real applications are great sensitivity 
in a broad interval of H2O amount and temperatures, quick cinetic of adsorption and 
desorption, large reproducibility, modest hysteresis and dependence on the 
temperature, low manufacturing and maiteinance cost, strenght to pollutants, a 
linear response, simplicity of manifacture and enduring in time [3]. Nowadays, two 
ways are possible to fabricate a superior humidity sensing element: the 
improvement in the features of a known material and the creation of a novel material 
[24]. 
A high level of either selectivity and sensitivity are guaranteed by high and specific 
chemical interaction between the sensitive element and the target gas whereas a 
proper reversibility and quick adsorption and desorption are advantaged by weak 
physical-chemical phenomena [25]. 
Since up to now there have been not a perfect sensing material able to satisfy all 
those requirements [26], the exploration of innovative humidity sensing elements 
with great performances is an indispensable need for researchers [27]. 
Recently, a wide range of materials including ceramics, carbonaceous materials, 
electrolytes, organic polymers and composite materials have been exploitedas water 
vapor sensitive elements [27,28].  
In this chapter, three innovative carbonaceous materials have been proposed as 
sensitive and selective elements for humidity detection at room temperature. 
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6.1.4 Carbon-based humidity sensors 
 
In high-performance sensors, the sensitive elements are the essential 
components. For this, carbon films have intrigued recently large interest for their 
potential use as humidity sensors since they possess an extensive sensing area and 
great chemical inertness [29, 30].  
For their fruitful surface chemistry and the several ways to design their 
structure, carbon materials are very desiderable as humidity sensors. Furthermore, 
carbon nanomaterials, like graphene, carbon nanotubes (CNTs), carbon nanofibers 
and carbon black, are the principle active elements utilized for the manifacture of 
high-performance humidity sensors. Peculiarly, graphene and CNTs are 
assemblable into 1D fibers, 2D films and 3D architectures, permitting an easy 
sensor’s design for several usages. 
Thus, they work at room temperature (RT) and are functionalizable for 
chemical specificity. Furthermore, they have a modest thermal mass favoring quick 
heating with low power consumption [31]. However, carbon materials have modest 
selectivity and reproducibility, the propensity to poisoning and a long-term drift in 
some cases [31]. 
In addition, cheap carbon materials, like carbon nanofibers and carbon black 
are exploitable as sensitive elements integrated with tissues. Alongside carbon 
nanomaterials, different carbon powders proceeded from bio-materials by pyrolysis 
process have been presented as sensitive materials too, for instance silk [32] and 
cotton fibers [32].  
Biomass is also an adequate carbon source, accessible in high content, and 
retained an environmental-friendly renewable resource [34]. Moreover, after 
pyrolysis process biochars is obtained, which are getting disposable from pilot 
plants generating energy and biogas [35, 36]. Recently, biochars have found 
applications in several areas [37] even if the principal usage is still as field 
amendment in agriculture [38]. Alongside, in recent years, biochars have been 
widely investigated as alternative for carbon materials with higher costs such as 
graphene, carbon nanotubes and others [39]. 
In this chapter, the gas sensing properties of three different biochars (two p-
type and one n-type semiconductors) will be described with a deep understanding 
on the properties of the materials that are responsible for their sensitivity towards 
humidity. 
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6.2 Humidity sensors measurements 
 
The realized sensors were placed in a laboratory apparatus depicted in Figure 
1, realized with a hermetic chamber where RH levels can be adjusted between 0 
and 100% by 12 steps of 3 minutes both in adsorption and in desorption to 
investigate the presence of a possible hysteresis between the processes. Test 
towards water vapor were realized under a steady flow of 1000 SCCM. In this 
home-made system, compressed air flow (1) is split in two streams: the first is 
desiccated above a Al2O3 bed (2), the other goes through two H2O bubblers (3), 
resulting respectively in a dry and a humid stream. These fluxes are recombined by 
means of two precision microvalves (4) in a unique flow with a mixer (5). A 
commercial probe for humidity and temperature measurements (9), Delta Ohm 
DO9406 (Caselle di Selvazzano (PD), Italy) was adopted for T and RH 
measurements as reference in the measuring chamber.  
 
 
Figure 1. RH measurement system used in dynamic tests. Reproduced with 
permission from [40], published by Elsevier, 2005. 
 
Tests were realized at ambient temperature. During measurements in a dynamic 
flow upon different concentrations of RH, sensors Z were measured with LCR 
meter (Hioki 3533-01, Nagano, Japan). All tests were perfomed at 1 kHz with an 
AC potential equal to 1 V. 
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The sensor response (SR%) towards humidity is calculated as follows 
(Equation (7)): 
SR(%) = 100 ×
|Z0−Zg|
Z0
     (7)  
  
 
where, Z0 is the initial film impedance in dry air and Zg is the impedance in 
humid conditions.  
 
6.3 SWP-OSR Humidity sensors 
 
In this section, the results of thick-films sensor based on two biochars are 
presented. Part of this paragraph is taken from ref [41]. Biochar-based 
chemoresistive humidity sensors were realized by drop-coating method. 
The sensitive carbon materials and the as-prepared thick films were 
characterized by means of laser-granulometry measurements, XRD, Raman 
spectroscopy, XPS, FESEM. Sensors performances were evaluated towards relative 
humidity (RH) at ambient T and τads/ τdes were defined, as well as cross-sensitivity 
measurements towards ozone, ammonia, methane and carbon dioxide. 
 
6.3.1 OSR-SWP biochars 
 
Two typologies of standard biochar were obtained from UK Biochar Research 
Centre (BRC, Edinburgh, UK) and utilized as novel carbon element for humidity 
sensing. These materials were chosen among lots of disposable products from BRC, 
selecting that with the highest value of specific surface area (SSA) and that with the 
highest value of electrical conductivity. The one with the highest surface area was 
realized with pyrolyzed mixed softwood pellets (SWP700). It was pirolyzed at 
700°C with 87°C/min of heating rate. The yield in biochar was equal to 17.34% as 
declared by the producer. The one with the highest electrical conductivity was 
realized from oil seed rape (OSR700) attained by a 700°C-pyrolysis and 103°C/min 
of heating rate with 22.62% of yield, as declared by BRC. Table 1 reports the 
physical characteristics of the selected biochars like SSA and the conductivity, in 
accordance with their datasheets [35, 36]. 
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Table 1. SSA and conductivity of OSR700 and SWP 700 biochars [39]. 
   
Biochar SSA (m2/g) Conductivity 
(dS/m) 
OSR700 25.2 3.11 
SWP700 162.3 0.16 
 
 
Both materials were received as pellets. Firstly, they were pulverized in a 
planetary mill for 10 minutes. Subsequently, they were ground manually with an 
agate pestle in an agate mortar for obatining a homogeneous powder. Furthermore, 
powders were sieved with a 45 µm apertures sieve. 
Polyvinylpyrrolidone (PVP, average Mw~ 1,3000,000 by LS, Sigma Aldrich) 
was added to the biochar as an organic binder for enhancing the adhesion of the 
deposited biochar on α-Al2O3 substrates equipped with Pt interdigitated electrodes. 
The drop coating technique was realized by mixing 0.1 g of sensing element 
(OSR700, SWP700, PVP or SWP700-PVP (10 or 20 wt% of PVP with respect to 
SWP700)) with 10 mL of EtOH. After mixing for 1 h, mixture was concentrated by 
heating at 80°C and sensors were fabricated by droppping 40 µL of this mixture 
onto ceramic Al2O3. Sensors were then dried at 80°C for 12 h. A picture of the as-
obtained biochar device is depicted in Figure 2.  
 
 
Figure 2. Picture (0.85x1.7 cm2) of biochar SWP700 sensor [39]. 
 
6.3.2 Biochars powder and film characterization 
 
Particle size distribution of the OSR700 and SWP700 biochars was performed 
after manual grinding and sieving. From those analysis, OSR700 displays a bimodal 
distribution, with maxima respectively at 8 and 20 μm. D50 is equal to 10.5 µm, 
whereas SWP700 exhbits a trimodal distribution, with d50 of 18.3 µm. Results are 
depicted in Figure 3 and in Table 2. 
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Figure 3. Laser granulometry analysis of OSR700 (a) and SWP700 (b) [39]. 
 
Table 2. Cumulative particle size distribution d10, d50 and d90 for the OSR700 
and SWP 700 biochars. 
Biochar d10 (µm) d50 (µm) d90 (µm) 
OSR700 2.61 10.5 33.4 
SWP700 4.98 18.3 39.8 
 
 
XRD analysis was performed to understand if any possible crystallization peaks 
were present among OSR700 and SWP700 raw materials.  
The next Figure 4 reveals the XRD patterns of SWP700 and OSR700. The 
former one is completely amorphous, whilst in the OSR700 quartz patterns were 
found, indexed with JCPDS file No 46-1045. The main peaks were determined at 
20.87°, 26.65°, 29.43°, 20.26°, 59.96° and 67.97° of 2θ. 
 
Figure 4. XRD patterns of SWP700 (red) and OSR700 (black) powders [39]. 
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The degree of disorder and graphitization of the SWP700 and OSR700 biochar 
powders was investigated by Renishaw micro Raman performed at room 
temperature.  
Results of Raman investigation are depicted in Figure 5. 
 
Figure 5. Raman spectra for OSR700 (a) and SWP700 (b) [39]. 
 
In Raman characterization, with the collaboration of dr. M. Rovere, different 
areas of the biochars were studied for ensuring the congruity of the results. The 
first-order Raman band of all sp2 hybridized carbon materials is represented by G 
band, generated by E2g-mode at the Γ-point. G-band is due to the C-C bond 
stretching typical of graphitic carbon and it is usual in sp2 carbons. Thus, the D band 
is defect activated in sp2 carbon materials. Based on the ratio of D and G bands, it 
is possible to get an estimate about defect densities. 
The D peaks are located around 1360 cm-1 while G peaks ~1650 cm-1. The 
peaks were investigated with a home-made method and a validated software which 
permits (i) to clear the background cand (ii) to detect the contribution of different 
components. The main parameter is the ID/IG relationship of D and G signals, 
respectively equal to 1.12 for OSR700 and 1.09 for SWP700.  
Those are characteristic of carbon-based material with a lot ofdefects. This 
investigation did not display great differences between the biochars and it disclosed 
a slightly higher presence of defects for OSR700 powder. 
XPS investigations was accomplished to study the surface chemistry and 
electronic states of the biochars. 
The survey and HR spectra of C1s for OSR700 and SWP700 are shown in 
Figure 6. 
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Figure 6. XPS Survey spectra for OSR700 (a) and SWP700 (b), HR XPS 
spectra of C1s peaks for (c) OSR700, (d) SWP700 [39]. 
 
From HR XPS analysis on carbon peaks, carbon spectrum can be deconvoluted 
into three contributions. They correspond respectively to graphite-type sp2 (284.6 
eV); carbon in alcoholic, etheric or phenolic, groups sp3 (285.6 eV) and carbon in 
ester or carboxyl or ester functional groups (288.7 eV) [41]. 
In accordance with previous studies, CO-type functional groups in the surface 
of carbon-based samples, like hydroxyl, ethers, phenols, quinine and carbonyl 
groups, provide a positive effect by promoting the hydrophilicity of carbon 
material. Furthermore, they furnish a supllementary pseudocapacitance generated 
by Faradic phenomana implicating oxygen groups [42, 43]. XPS analysis revealed 
the elements tabulated in Table 3.  
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Table 3. Mass% of elements from XPS analysis. 
Element OSR700 (wt%) SWP700 (wt%) 
C1s 55.8 72.1 
C sp2 29.1 5.4 
C sp3 63.7 87.1 
C=O 6.2 7.0 
O1s 23.3 16.1 
K2s 15.2 10.3 
Ca2p 3.2 1.2 
Si2p 1.9 - 
Cl2p traces - 
N1s traces traces 
 
In the former table, the wt% of all elements were determined by survey 
analysis, whereas C sp2, C sp3, and C=O amount were defined by deconvoluting the 
C 1s signals in Figure 6. From this analysis, the carbon amount is much bigger in 
SWP700 compared to OSR700. In both materials, surface composition is enriched 
in oxygen in comparison with the data reported in the datasheets [43, 44]. In fact, 
from [43, 44] the amount of oxygen was 7.84 wt% and 6.02 wt% for OSR700 and 
SWP700, respectively. 
C in the form of sp2 bonds is predominant in OSR700 in comparison with SWP700 
(29.11% vs. 5.35% of whole C). Furthermore, the content of other elements such as 
K and Ca in OSR700 is bigger, and Si is present solely in the OSR700 biochar. 
Finally, morphologies of biochar films were investigated by FESEM. In figure 
7 OSR700 biochar sensors at diverse magnifications (2.5k×, a and 10k×, b) are 
illustrated. In the same figure SWP700 bochar film images are displayed (2.5k×, c 
and 10k×, d).  
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Figure 7. FESEM micrographs of OSR 700 film (a, 2.5k×; b, 10k×) and 
SWP700 film (c, 2.5k×; d, 10k×) [39]. 
 
A broad particle size distribution was noted in accordance with laser 
granulometry analysis. Some big, facetted grains enclosed by a finer fraction are 
present. The grinding step generates small fragments in the 1-50 μm range. The 
grains display sharp edges, as forecasted in carbon fragile material showing 
disorderly surfaces subsequently to the milling process. 
SWP700-PVP10% (SWP10PVP) and SWP700-PVP20% (SWP20PVP) layer 
images are shown in Figure 8. In these images, an improved connection between 
SWP700 grains for the PVP coating was achieved. 
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Figure 8. FESEM micrographs of SWP10PVP film (a, 2.5k×; b, 10k×) and 
SWP20PVP (c, 2.5k×; d, 10k×) [39]. 
 
6.3.3 Biochars gas sensing properties 
 
The SR% vs RH% graphs are depicted in Figure 9 for OSR700 (a) and SWP700 
(b) sensors. 
 
Figure 9. SR% under different RH% for (a) OSR700; (b) SWP700 [39]. 
 
Both biochars exhibit high sensitivity towards humidity from low RH amounts. 
As a matter of fact, Z starts to raise (i.e., the slope of SR% is negative) in both cases 
from 5 RH%. Impedance of the film increased till around 40 RH% for OSR700 and 
up to 25 RH% in the case of SWP700. For either biochars, they show p-type 
semiconductor behavior upon low concentration of humidity. On the opposite, at 
bigger RH contents, Z dropped starting around 40 RH% for OSR700 and from 25 
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RH% in the case of SWP700 sensor. OSR700, the biochar with the higher 
conductivity, has an inizial Z under dry air of 163.9 kΩ, and the final value dropped 
until 9 kΩ under 99 RH%, with a SR% of 94.5%, and a highest value of hysteresis 
equal to 52% upon 59 RH%, as shown in Figure 9a. For SWP 700 sensor, a bigger 
change in Z was measured probably as a consequence of the higher SSA and 
porosity. In fact, Z declined from 9.5 MΩ at 0%RH until 222 kΩ under 97% RH, 
resulting in a SR% of 97.6%. This biochar displays a smaller hysteresis (23% under 
55 RH%) in accordance with figure 9b. 
The τads and the τdes were respectively 50 and 70 s for OSR700 sensor, whereas 
for SWP700 sensor were around 1 minute. 
Comparing the sensor performances of the examined biochars, SWP700 was 
the most sensitive towards humidity especially at higher humidity levels. For this 
material, sensors with different concentrations of PVP were fabricated for 
improving the adhesion of the film onto alumina dielectric. PVP is a n-type polymer 
that exhbits highly conductivity and hydrophilicity [44,45] utilized in this thesis in 
10 and  
20 wt% in comparison with SWP700. Thereafter, the films prepared using SWP700 
and 10 and 20 wt% of PVP are named SWP10PVP and SWP20PVP, respectively. 
Furthermore, a pure PVP sensor was realized to understand the sensing 
characteristics of this conductive polymer. Results are depicted in Figure 10. 
 
 
Figure 10. PVP film impedance’s variation towards RH [39]. 
 
This thick-film PVP sensor has an impedance of 19 MΩ under dry air and it 
drops until 420 kΩ upon 98% RH with a cut-off at 40 RH%. SR% vs RH% of PVP 
sensor are displayed in Figure 10, confirming its n-type polymer semiconducting 
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nature: in fact, the films became more conductive when increasing RH amount. The 
maximum hysteresis of 13% was measured under 55% RH. 
In the next Figure 11 SR% vs RH% for SWP10PVP and SWP20PVP films are 
reported. 
 
Figure 11. SWP10PVP and SWP20PVP sensor responses towards RH [39]. 
 
The sensitivity of the SWP sensor dimished compared to the pure SWP700 to 
the two PVP-biochar composities (SWP10PVP and SWP20PVP). Maximum values 
of hysteresis were equal to 42% under 50 RH% for the former sensor and to 35% 
under 53 RH% for the fomer composite. In the Table 4, maximum sensor responses 
are tabulated for the five proposed sensors. 
 
Table 4. Highest values of sensor responses for OSR700, SWP700, PVP, 
SWP10PVP and SWP20PVP films towards RH. 
Sensor SR% 
OSR700 94.5 
SWP700 97.7 
PVP 98.0 
SWP10PVP 65.2 
SWP20PVP 47.3 
 
SWP10PVP sensor represents a satisfactory compromise between the adhesion 
of the sensitive elements over the alumina substrate and the sensitivity towards 
humidity. For this, the evaluation of selectivity for SWP10PVP film was carried 
out. 
Cross sensitivity tests are displayed in Figure 12. 
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Figure 12. SR% of SWP10PVP sensor toward O3 0.5 ppm, NH3 50 ppm, CH4 
100 ppm and CO2 500 ppm [39]. 
 
No cross-sensitivities were identified at room temperature upon 0.5 ppm O3, 
100 ppm CH4 and 500 ppm CO2, whereas under 50 ppm of NH3, a modest increase 
of 2.6% in Z was measured. Under 40% of RH the maximum increase in impedance 
was measured (from 1.12 to 1.24 MΩ) and under 90% RH drop to 398 kΩ. 
H2O can be adsorbed on the carbon-based layers surface of after a weak 
bonding of H atoms of the water with the C atoms of OSR700 and SWP700 biochars 
[29]. Additionally, defects in carbon particles improves the sensing performances 
for humidity adsorption, as confirmed in Raman spectroscopy analysis depicted in 
figure 5. Defects are known to generate favorable adsorption sites to H2O 
adsorption [29]. 
The large amount of oxygen derivatives detected by XPS investigation on carbon 
surface improves the carbon hydrophilicity [29]. In addition, at small RH amounts, 
not many water vapor species are chemically adsorbed on the carbon surfaces 
behaving like a p-type semiconductor. This is a result of the charge transfer between 
adorbate and carbon film, as described by Pati et al. [46]. 
In the low RH range (below 40% RH) an exchange of e- with a p-type 
semiconductor occur, increasing the sensor impedance [29]. On the opposite, when 
RH amount is higher than 40 RH% more H2O molecules are adsorbed on the carbon 
surface forming clusters that generate a liquid-like multilayer of H-bonded H2O 
[47]. 
In addition, the water molecules physisorbed onto the surface of p-type 
semiconductor biochar condensed into pores with a size of 1-250 nm. Since many 
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clusters of water molecules are formed at this humidity levels and the hydration of 
H+ into H3O+ is a thermodinamically spontaneous process in liquid water, H+ are 
the main charge carriers in the H2O adsorbed into mesopores. The concentration of 
H+ increases at higher water content, and H+ ions can dislocate freely in liquid 
water, decreasing the resistance of particle surface by increasing RH content [47]. 
This mechanism denmostrates why the measured impedance drops at high humidity 
values. 
In summary, at low humidity levels an electronic conduction prevails, whereas at 
higher RH ionic conduction predominate. 
Moreover, the ratio sp2/sp3 measured by means of XPS analysis can influence the 
SR% at low RH (5–30%). The hydrophilic characteristic is verified indeed by a 
bigger sp2/sp3 ratio, measured in OSR700 (sp2/sp3 = 0.45) respect to SWP700 
(sp2/sp3 = 0.06), according with [48]. 
As a result, OSR700 shows a higher affinity for the H2O adsorption at lower levels 
of RH in comparison with SWP700. 
From figure 11, a considerable variation in the hysteresis between OSR700 and 
AWP700 was noticed. This could be a consequence of the differences in the pore 
size distribution: for the OSR700, a higher hysteresis was calculated (52% vs 23%) 
since H2O desorption is tricky and slower for the lower specific surface area (SSA). 
However, this feature was not investigated deeper in this thesis. In fact, the effect 
of SSA on the sensitivity of a quartz crystal microbalance-based polyacrylic acid 
device for NH3 detection was studied in [49]. The results of this work assessed that 
the NH3 sensitivity was improved quickly by increasing the SSA [49]. In our study, 
the higher value of SSA for SWP700 biochar supports H2O adsorption decreasing 
faster the film impedance up to 25 RH%, in comparison with the 40 RH% for 
OSR700 film. 
The PVP presents a N atom in its molecule and high hydrophilicity [50, 51]. 
Hence, this polymer can adsorb easily H2O molecules. As described before, at low 
RH amounts, only few H2O molecules can be adsorbed onto PVP in order to 
produce H+ and H3O+ ions. In accordance with figure 10, PVP shows a n-type 
semiconductor behavior with electrons acting as main conduction carriers [50, 51]. 
If RH increases, H2O molecules can provide more ionic carriers (H+ and H3O+) on 
the PVP surface contributing to the PVP conduction [52]. Over 94 RH%, PVP can 
be swelled by H2O, creating several conductive ions [53]. When PVP is combijned 
with SWP700 to form an optimum composite, an improved connection between 
biochar grains was achieved as exhibit in FESEM images. 
This result in a drop in the initial Z value for the SWP10PVP film in comparison 
with the SWP700. Furthermore, when n-p heterojunctions are generated between 
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two semiconductors (i.e., p-type SWP700 and n-type PVP), e- from PVP are 
transferred to SWP700 and p+ are trasferred in the opposite way, in order to 
equilibrate the Fermi levels of either semiconductors [54].  
A potential barrier is generated at the heterojunctions, increasing the Z of the 
p-n composite respect to SWP700 [60]. 
In the composite SWP10PVP, the variation in impedance for the adsorption of 
few H2O molecules is enhanced, resulting in an improved sensitivity at lower RH 
concentrations. 
This is in accordance with the results obtained in this thesis, where higher 
sensor responses were measured in the case of SWP10PVP and SWP20PVP respect 
to the pristine biochar. 
 
6.4 Waste coffee ground sensors 
 
In this paragraph, for the first time, results of preparation of a humidity sensor 
realized with waste coffee ground biochar are summarized. Part of this paragraph 
is taken from [55]. 
Nowadays, coffee consumption ofis higher than 11 billion tons/year worldwide 
[57], and usually exhaust coffee concludes as landfill. Coffee is an essential 
commodity and extensively utilized drinks all around the world [57]. The global 
production has reached 11–13 million tons [58, 59]. The chemical composition of 
coffee is dependent on physiological traits such as the degree of maturation [60-
62]. In the time process of roasting that takes place at high temperatures, complex 
chemical phenomena occur modifying considerably the chemical composition of 
coffee: after this process, 950 different compounds have been recognized [63]. 
Conversely, an estimated 380,000 tons of brewed coffee waste is discarded each 
year [64]. Coffee waste is a source of an ecological issue in coffee-using countries 
[65].  
A lot of studies on the use of coffee waste have found many applications for 
coffee by-products in a variety of ways [66]. Coffee waste residue is constituted 
prevalently by lignocellulose [67]. Nowadays, many scientists consider these 
residues as a raw material for other processes [68]. Waste brewed coffee powder 
(WBCP) is a qualified raw material as a carbon material source for environmentally 
friendly treatments, like pyrolysis [69]. Nevertheless, the distinguished structural 
features of its surface constituted by channels become coffee ground 
biocharexploitable for the adsorption of H2O molecules. The utilization of coffee 
ground biochar as a low-cost resource for carbon is delineated and the synthetized 
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coffee ground biochar (CGB) was characterized by techniques like laser 
granulometry, TGA, XRD, Raman spectroscopy, XPS and FESEM for acquiring 
an exhaustive understanding of its properties and chemical composition. Humidity 
sensors were fabricated by screen printing deposition.  
 
6.4.1 Coffee ground biochar (CGB) 
 
In this paragraph, the humidity sensing features of CGB realized from the pyrolysis 
of WBCP were studied at room T in a RH range 0-98%. A WBCP (Caffe Vergnano, 
Italy) was utilized as starting carbon material for carbonization as schematized in 
Figure 13. 
  
 
Figure 13. Conversion process of coffee firstly in WBCP and then in CGB [55]. 
 
The leftover chemicals in waste coffee powder after brewing may influence the 
natural structure of coffee during the carbonization step [70].  
In order to remove the chemicals leftover in waste coffee powder after brewing, the 
WBCP was washed many times with H2O by centrifugation and filtered. The 
WBCP was dried for 10 h at 90°C. WBCP was pyrolyzed at 700°C for 1 h in N2 
(120 mL/min) after two -30 min-dwells at 250°C and 400°C. respectively. The 
heating ramp degree in the tubular furnace was set at 5°C/min [71].  
Subsequently to the pyrolysis, the CGB powder was manually ground e to improve 
its homogeneity. 
 
6.4.2 CGB powder and film characterization 
 
For the characterization of CGB powder and film, the same instruments described 
in the session 5.2.2 were used. In addition, TGA was carried out on the WBCP 
powder under a 100 SCCM flow of Ar in the range25-700°C with 10°C/min of 
heating ramp.  
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Furthermore, TG-DTA was accomplished on CGB in the same range of temperature 
and with the same heating ramp under static air.  
Laser granulometry of CGB denoted that this powder displays a bimodal 
distribution, with the maxima respectively at 23 and 192 µm and d10, d50 and d90 
(equal to 8.9, 32.6 and 215 µm, respectively. Particle size distribution curve is 
illustrated in Figure 14. 
 
Figure 14. Particle size distribution of CGB powder. 
 
TGA under Ar 50 SCCM was realized with the aim to understand the carbonization 
process and to set the right pyrolysis parameters. The ramp of heating was 10℃/min 
until 700℃. Since no mass losses were detected after 700℃, the pyrolysis was 
performed with 1 h dwell at 700℃. The TG-DTG plots are depicted in Figure 15. 
 
 
Figure 15. TGA of WBCP under argon [55]. 
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From this plot, it is possible to notice that the total weight loss was equal to 82%, 
in accordance with the yield of WBCP pyrolysis to CGB (18 wt%). The first 
derivative of TG curve evidences three exothermic peaks respectively at 66°C, 
305°C and 388℃. The maximum weight loss rate was recognized at 305℃.  
The pyrolysis phenomenon occurs in three decomposition stages. The first one 
happens in the range 25-200°C and is related to a modest mass loss of 9% caused 
by the dehydration with VOCs (i.e. volatile organic compounds) emitted from 
WBCP. The second one (200-500°C) is the major mass loss of 71%, due to the 
devolatilization of main biomass components such as lignin, cellulose and 
hemicellulose [72]. 
In the third zone (500-700°C), the decomposition of the remaining biomass and the 
formation of the char take place.  
The DTA-TG curves of CGB powder is illustrated in the Figure 16. 
 
 
Figure 16. TG (black)-DTA (blue) curves of CGB in static air [55]. 
 
From the TG-DTA investigation in static air, carried out until 700°C, a 25% of mass 
loss was measured (black curve). The DTA curve (in blue) reveals a broad 
endothermic signal centered at 102°C for the evaporation of free water, whereas a 
shoulder around 250°C may be a result of the evaporation of molecular bound water 
in the CGB powder. A still broader exothermic signal at 350°C could be generated 
by the combustion of the residual cellulose and hemicellulose by means of the 
formation and emission of volatile compounds [73]. 
The amorphous structure of CGB powder is disclosed by the XRD pattern in Figure 
17.  
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Figure 17. XRD pattern of CGB powder [55]. 
 
The XRD profile of the CGB powder demonstrates a high background intensity 
indicating that the as-pyrolized carbon powder contains highly disordered 
carbon with the characteristic broad humps at 23.5° and 43° of 2θ expected from 
amorphous carbonaceous materials. 
In the Raman spectroscopy, different regions of the spectrum for CGB powder 
are identified and the oucomes are presented in Figure 18 and Table 5. 
 
Figure 18. Raman analysis of CGB powder [55]. 
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Table 5. Decomposition of peaks in Raman spectrum of CGB powder. 
Label Area [a.u.] Center [cm −1] Width [cm −1] 
D1 1.2 1341 54 
D2 6.6 1365 166 
G1 1.8 1559 68 
G2 0.8 1589 28 
2D 2.1 2708 168 
D+G 0.8 2932 97 
2G 0.5 3130 85 
 
The output of Raman spectroscopy confirms a sp2 carbon-based disordered 
composition. The two main area of interest are between 1000 and 1800 cm −1, 
where the D and G peaks are detected, and in the region 2400–3200 cm-1 where 
their overtones are displayed (2D, D+G and 2G peaks). The first region cannot 
be correctly fitted with two peaks, but preferably four are necessary, one for 
each Raman mode in accordance with Table 5. As per the overtone region it can 
be recognized that even if the signal is relatively broad, specific features support 
the exhistance of some ordered regions with a supremacy of disordered regions. 
In this area, one peak for each mode was utilized for extract information on the 
relative intensities. The Id/Ig ratio value is equal to 2.94 (higher than OSR700 
and SWP700, respetively 1.12 and 1.09). Moreover, the Gaussias peak shapes 
confirms the disordered feature of CGB powders. 
The chemical and electronic composition of the surface of CGB powder was 
investigated by XPS, survey and high-resolution C and O displayed in Figure 
19.  
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Figure 19. XPS investigations for CGB powder (a) survey, (b) HR C1s and 
(c) HR O1s [55]. 
 
From the survey, the major components are C (84.7%) and O (11%) with small 
concentration of elements like N (2.9 wt%), P (0.5 wt%) and Ca (0.9 wt%). 
Moreover, from the high-resolution spectra of C1s peaks, disordered sp2 carbon is 
predominant compared to the sp3 (equal to 67.8% at 284.8 eV and 16.2% at 286.2 
eV of the total carbon, respectively). The ratio between sp2 and sp3 carbon is equal 
to 4.1. The peak generated by C-O bons at 288.3 eV, at 290.5 eV the characteristic 
peak of C=O and at 293.1 eV the COOR signal were detected, accounting to 9.3%, 
2.8% and 3.9% of the total carbon, respectively. Considering the deconvolution of 
the O1s peak in two signals, the peak at 532.8 eV generated by C-O is higher (61.6% 
of total O) respect to the signal at 531.2 eV due to C=O (38.4% compared to the 
entire O), in accordance with the high-resolution C peaks. Finally, FESEM 
micrographs performed on the CGB powder are depicted in Figure 20. 
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Figure 20. FESEM images of the CGB powder at: (a) 150 ×, (b) 1 k ×, (c) 2.5 k × 
and (d) 15 k × magnification [55]. 
 
In Figure 20, it is possible to appreciate that CGB powder displays a consistent 
degree of porosity with cavities of around 7 µm of average diameter. 
The agglomerates’ diameters are in the range 10-40 µm, in accordance with laser 
granulometry. Those agglomerates have nanometric scale pores formed during the 
pyrolysis of WBCP powder. The overall structure appears suitable for the 
adsorption of humidity both inside and outside of the channels. 
 
6.4.3 CGB gas sensing properties 
 
For the manifacturing of CGB sensors, an ink with CGB powder was realized 
using the same binder and solvent. In this frame, the CGB ink was utilized to screen-
print onto the ceramic α-Al2O3 substrates with Pt electrodes, as shown in Figure 21. 
Screen-printed sensors were heat-treated at 300°C for 1 h in air resulting in sensitive 
CGB thick film of 20.3 ± 1.6 μm of thickness. 
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Figure 21. A CGB sensor [22]. 
 
The results of CGB sensor adorption and desorption towards different humidity 
levels (3 minutes for each of the 12 steps, as described previously in section 5.2) 
are illustrated in the following Figure 22, where the impedance (Z) changes over 
time (a) and SR% vs RH% (b) in the range 0%-97% RH are displayed. 
 
Figure 22. Changes in impedance (a) and sensor responses at different RH% 
(b) for CGB film during adsorption and desorption cycles [55]. 
 
When CGB sensors interact with humidity at room temperature (27°C), they 
exhibit a n-type semiconductor behavior. In fact, the SR% slope is positive, i.e. the 
conductivity of the screen-printed thick films increases at higher RH. 
In fact, sensor response begins around 20% RH, with SR% of 51% under 98% 
RH. Z drops from 25.2 MΩ in 0% RH till 12.3 MΩ in 97% RH. 
The desorption process was also studied and a maximum hysteresis of 15% was 
detected upon 74% of RH, establishing that the speed of desorption is similar to 
that for adsorption. Sensor τads and τdes were determined and were equal to 15 and 
20 s under 50% of RH and equal to 4.5 min and 1 min under 90% of RH, 
respectively. The quick kinetics of adsorption and desorption can be a result of the 
considerable porosity of the film with long channels where humidity can easily 
come in and physisorbed onto the CGB surface. Furthermore, aging of the sensor 
was assessed after 1 year of storage at room temperature and the sensor 
performances were comparable under 90% of RH (42 vs 39% of impedance 
variation). 
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Moreover, cross-sensitivity tests were performed on the CGB film to evaluate 
the selectivity of the film for RH and the following histogram describes the results 
(Figure 23). 
 
 
Figure 23. Cross sensitivity test of CGB sensor towards CO2 500 ppm, O3 
200ppb, NO2 ppb and NH3 50 ppm [55]. 
 
Generally, negligible cross-sensitivities were detected for CO2 500 ppm, O3 
200 ppb, NO2 ppb and NH3 50 ppm. 
CGB sensor exhibits a high ratio sp2/sp3, as confirmed by Raman and XPS 
analyses. This is a proof of the large amount of defects in the CGB surface that 
enhance the sensor response towards humidity as previously described. In fact, a 
ratio sp2/sp3 equal to 4.2 was calculated from XPS investigation. These defects act 
as adsorption sites for water molecules. In addition, oxygen derivatives after the 
pyrolysis improve the hydrophilic properties of the carbon surface [70].  
When the RH levels are above 20–30%, an electronic transfer between water 
vapour and the disordered carbon structure of CGB grains takes place. 
The CGB sensor morphology is constituted by connected channels, forming a 
wide number of paths through the tubes (i.e. percolation paths). The water 
molecules are reducing agents and a charge transfer from H2O to CGB generates a 
shift of the VB of CGB far from the Fermi level, causing an electron accumulation 
layer decreasing Z when increasing the H2O amounts [71]. 
There is an exponential trend of the SR% with RH% that can be a consequence 
of the fact that up to 60% of RH more H2O molecules are adsorbed on the CGB 
surface, with the generation of clusters of multi-layer H2O molecules that are 
hydrogen-bonded [74]. 
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In this situation, the ionic conduction prevails after the creation of clusters of 
water and the formation of H3O+   from H+. Protons are the dominant charge carriers 
into the mesopores of the CGB film, and as a result, a quick rise in the layer 
conductivity at high RH was noticed. As a synergic effect, the hydrophilicity is 
enhanced by high values of sp2/sp3 ratio [39, 48]. 
Up to now, solely in a previous research a biochar was used as chemoresistive 
humidity sensor. In Afify et al [69], innovative humidity sensors by screen-printed 
technique were fabricated withpyrolyzed bamboo. These devices exhbited a high 
sensitivity upon RH at ambient T with a cut-off RH around 10%. The resistance of 
the film decreased from around 937 kOhm in dry atmosphere until 89 kOhm under 
95% RH. The maximum hysteresis was equal to 28.9% under 33 RH%. The τads and 
the τdes were both around 2 min and τdes were shorter compared to τads. This is a 
consequence of the porosity of the layer that furnish considerable availability for 
H2O molecules adsorption. Probably physisorption was the main process for H2O 
molecules bonding to the sensirive film since fast recovery times were measured. 
Nevertheless, the adhesion onto Al2O3 substrates of pyrolized bamboo films was 
inadequate for practical applications. A comparison of the gas sensing features of 
the proposed sensors with the state of art on disordered carbonaceous materials was 
accomplished in the next Table 6. 
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Table 6. State of the art of humidity sensors based on carbon-based materials. 
Sample Resistance/impedance variation τads (s) τdes (s) Ref. 
C nanosheets produced 
by physical vapor 
deposition  
Increase of 225% under 
95 RH% 
30 s when RH% 
increases from 11% to 
40% 
90 s when RH% 
decreases from 40% 
to 11% 
[29]  
Na-modified C films 
obtained by spray 
pyrolysis  
Decrease of 97% under 
60 RH% n.d. n.d. [75]  
Screen-printed 
commercial composite 
ink (ESL RS12113) 
made of epoxy resin 
and carbon powder  
Increase of 4.8% under 
80 RH% 
n.d. n.d. [76]  
Carbon quantum dots 
film made by 
electrochemical 
ablation of graphite  
Resistivity decrease of 
48% under 90 RH% 
25 s when RH% 
increases from 7% to 
43% 
60 s when RH% 
decreases from 43% 
to 7% 
[77] 
Hydrogenated 
amorphous 
carbon (a-C:H) film  
Decrease of 97.3% 
under 80 RH% n.d. n.d. [78] 
Pyrolyzed bamboo  
Decrease of 91% under 
95% RH 2 min 2 min [69]  
Oil seed rape  
Decrease of 94.5% 
under 99% RH 50 s 70 s 
This 
thesis  
Pyrolyzed mixed 
softwood pellets   
Decrease of 97.7% 
under 97.5% RH 1 min 1 min 
This 
thesis  
Pyrolyzed mixed 
softwood pellets/10% 
PVP 
(Polyvinylpyrrolidone) 
composite 
 
Decrease of 65.2% 
under 94% RH 32 s 45 s 
This 
thesis  
Coffee ground biochar Decrease of 51% under 98%RH 4.5 min 1 min 
This 
thesis 
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6.5 Conclusions 
 
In this chapter, humidity was firstly defined and different strategies to measure 
its amounts were described. Chemical humidity sensors, with a special focus on 
carbon-based materials were described in order to measure humidity with a 
sensitive, reliable and cheap method. 
Two p-type biochars (OSR700 and SWP700) were selected as innovative 
materials for the manifucture of humidity sensors by dip coating method. Their 
humidity gas sensitive characteristics were studied at room T in the RH range 0-
99%. Both biochars are sensitive and selective towards humidity from low RH 
amounts. Considering OSR700 sensor, impedance starts to raise from 5 RH% and 
a growth in Z was measured till around 40 RH%, while for SWP700 film, Z 
increases until 25 RH%. In both cases, biochars exhbit a p-type behavior upon small 
concentration of RH. Conversely, at higher RH amounts, Z dropped since several 
conductive layers were formed on the biochar surface. Thus, the cross-sensitivity 
towards species like methane, ammonia, carbon dioxide and ozone were negligible. 
PVP was added up acting as a polymeric binder to SWP700, forming a p-n 
heterojunction between the materials, increasing the sensitivity at small RH 
amounts for the sensors SWP10PVP and quicker sensor response compared to the 
pristine SWP700. This trend  suggest the exploitation of  these sensors for industrial 
usages in which low RH concentrations are requested such asdrying of clothes (0–
40 RH%, stocking of cereals (0–45 RH%), pharmaceuticals (20–40 RH%),  
humidity monitoring in factories, electronic parts, ceramic powders, dried 
foodstuffs (0–50 RH%) and layer drying (0–30 RH%)…) [47]. 
In the final part, coffee ground biochar (CGB) was proposed for the first time 
as a n-type resistive humidity sensing material. Sensors were realized by a screen-
printing and the humidity sensing features were studied at room temperature. The 
proposed CGB biochar was realized from pyrolysis at 700 °C of waste brewed 
coffee powder (WBCP). The sensor impedance variation under humidity starts from 
20% RH. The CGB sensor is sensitive towards humidity in the range 20–100 RH% 
with an exponential trend by increasing humidity amount. The kinetics of adorption 
and desorption were extremely fast upon 50% RH (15–20 s), and the cross-
sensitivity towards ammonia, nitrogen dioxide, carbon dioxide and ozone were 
negligible. 
In the future, the adhesion of the CGB film should be improved by utilizing a 
valuable binder. 
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exposure (1, 2.5, 5, 10, 25 and 50 ppm) at 225°C. 
Figure 12. Calibration curve of Co3O4 sensor towards NH3 at 225°C. 
Figure 13. Long term stability and repeatability of Co3O4 film upon 5 ppm of NH3 
after 9 months from the fabrication. 
Figure 14. Polar plot of Co3O4 cross sensitivity measurements at 225°C. 
Figure 15. Changes in impedance for Co3O4 film upon 90% of RH and 25 and 1 
ppm of NH3 at 225°C. 
Figure 16. Baseline effect of humidity in the sensor response of Co3O4 film upon 
1-5 ppm of NH3. 
Figure 17. Effects of NO2 exposure on human lungs. 
Figure 18. ZnO crystal phases: wurtzite (a), zinc blende (b), rocksalt (c). 
Figure 19. ZnO particle size distributions of AC-ZnO (a) and HT-ZnO (b). 
Figure 20. TG-DTA curve in static mode of AC-ZnO powder heated at 300°C for 
30 minutes (10°C/min): TG continue line, DTA dashed line. 
Figure 21. XRD pattern of HT-ZnO (blue line) and AC-ZnO (black line). 
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Figure 22. FESEM observations of AC-ZnO powder at low (25kx, a) and high 
(150kx, b) magnifications. Images of AC-ZnO sensor at low (25kx, c) and high 
(150kx, d) magnifications. 
Figure 23. FESEM obserbations of HT-ZnO powder at low (25kx, a) and high 
(80kx, b) magnifications. Images of HT-ZnO sensor at low (25kx, c) and high 
(200kx, d) magnifications. 
Figure 24. Images of screen-printed sensors AC-ZnO (a) and HT-ZnO (b). 
Figure 25. Sensor response at different working T (50-250°C) upon 250 ppb NO2 
in dry air. 
Figure 26. Impedance variations upon different NO2 concentrations exposure (50-
500 ppb) at 225°C. 
Figure 27. Calibration curves of AC-ZnO (black) and HT-ZnO (blue) sensors. 
Figure 28. Cross sensitivity test of AC-ZnO (black) and HT-ZnO (blue) sensors. 
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Chapter 7 - NH3 and NO2 sensors 
Abstract 
From chapter 5, the main gas interferences for the proposed indium oxide-based O3 
sensors are humidity, ammonia and nitrogen dioxide. For this reason, in the 
previous chapter 6 three solutions based on biochar for humidity detection were 
presented.  
On the opposite, in this last chapter, results of the development of NH3 and NO2 
Semiconducting metal oxides (SMOx) thick films are described, by using 
respectively Co3O4 synthetized by autocombustion sol-gel route and ZnO prepared 
by auto-combustion sol-gel and hydrothermal route. Part of this paragraph is taken 
from [1]. 
Compounds of nitrogen are released as NOX and NH3. The former are the main 
acidifying constituents causing eutrophication of ecosystems, while the latter is the 
solely base gas in troposphere. Eutrophication is an enrichment of nutrients, caused 
by reactive N compounds in air, that damages the ecosystems.  
 
7.1 Ammonia detection 
 
In this section, results of nano-crystalline Co3O4 spinel synthetized by auto 
combustion synthesis and for ammonia detection are presented. After synthesis, the 
powder was annealed for 4 hours at 600°C and characterized by TG-DSC, XRD, 
Raman spectroscopy, XPS, nitrogen adsorption, H2O adsorption and FESEM. 
Sensors were fabricated by screen-printing method on α-Al2O3 dielectric substrates 
with Pt electrodes and fired at 700°C for 1 h in air. The sensor response was 
determined between 150°C and 250°C under 1 – 50 ppm of ammonia. The optimum 
operating temperature was 225°C, with R (Zg/Z0) of 1.83 under 50 ppm NH3 and 
sensor response of 1.1 under 1 ppm of NH3 in dry conditions. τads and τdes were quite 
short (few minutes), and cross-sensitivity tests upon CH4, CO, N2O, RH, O3, CO2 
and NO2 exposure at the optimum working T were evaluated. The sensor displays 
superior selectivity for ammonia, with a modest cross-sensitivity towards humidity. 
Since it can detect up to 1 ppm also under 90% of RH, it is proposed both as a cheap 
and portable solution for human breath monitoring and in ammonia determination 
in soils.  
 
7.1.1 NH3 issue 
 
Ammonia (NH3) is a natural gas originated both from biogenic and anthrogenic 
sources.  
In 2011, the European Environment Agency (EEA) stated that agriculture 
(expecially animal husbandry) was accountable for 93.6% of total NH3 emissions 
in the environment considering the 33-member nations [2].  
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NH3 is produced mainly in soils from bacterials that decompose organic matter, and 
it is also present in the troposphere because of many human activities. In fact, this 
weak basic gas is emitted in the troposphere from wastes, road transportations and 
particularly in automobile exhaust and industrial manufactures. Furthermore, NH3 
is also widely utilized as refrigerant gas [3] for its vaporization properties. 
Ammonia is a precursor of nitrogenous compounds like nitric acid (utilized mainly 
for fertilizer and explosives), urea, amino acids, acrylonitrile, phenol, hydrazine, 
hydrogen cynanide and amonium carbonate.  
NH3 finds applications as a cleaner for many surfaces, in the fermentation industry, 
it is a strong antimicrobical agent for food products and it is widely employed to 
scrub SO2 from the burning of fossil fuels resulting in an ammonium sulfate used 
as fertilizer. It assistes in providing enhanced yields of crops like maize and wheat 
when it is used in soils. Finally, this gas is also used in the neutralization of the 
nitrogen oxide (NOx) pollutants from diesel engines, in woodworking, as 
respiratory stimulant, energy carrier and lifting gas, in addition to the treatment of 
cotton materials.  
NH3 is a common air pollutant. In fact, when its concentration in the troposphere 
exceeds 25 ppm, it damages the mucosa of respiratory tract, rile eyes and skin, 
causing laryngospasms and bronchiectasis. In the worse cases, it can even induce 
death in humans [4-6]. As a conseuquence, the time-weighted average (TWA) over 
8 h should not overcome 25 ppm and the short-term exposure over 15 minutes is 
limited to 25–35 ppm [3]. 
Nonetheless, NH3 is normally present in human body mostly in form of NH4+ that 
is detoxified by the liver and transformed into urea to be excreted by kidneys. A 
small part of ammonia in human body is in the form of gas, and it can pass through 
cellular membranes including the blood-brain barrier. This phenomenon is 
enhanced if hepatic diseases take place. The detection of ammonia in human breath 
provides early screening test for hepatic diseases since NH3 acts as a biomarker 
characteristic for the blood urea nitrogen (BUN). It is adopted in non-invasive 
clinical diagnostics [7], like in end-stage renal disease (ESRD) monitoring [8], in 
halitosis [9], determination of Heli-cobacter pylori presence [10] and in the 
diagnosis of hepatic injury, cirrhosis and encephalopathy [11].  
In the exhaled breath, the concentration of NH3 varies from 0.4–1.8 ppm in healthy 
humans and 0.82–14.7 ppm for ESRD patients [12]. 
In this frame, strategies for NH3 detection are extremely appropriate to combustion, 
environmental, and health ndustries [4]. There is a strong need to realize cheap 
environmental NH3 detectors. 
Thus, the industry of transportation is engaged in monitoring NH3 from air quality 
control, exhaust emissions and in innovative lean-burn combustion motors, in 
which the exhaust gas processing implies the addition of NOx to NH3. 
Several principles of measurement have been used for ammonia detection, 
consisting of optical spectroscopy, electro-chemistry and wet-chemistry approches. 
A markedly intriguing application for anaylitical devices is the monitoring of NH3 
is the human breath. [13]. In fact, single breath markers need to be detected at trace 
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levels with high selectivity to other breath compounds and in the presence of high 
RH amounts (typically 89 - 97%) [14, 15]. 
The current applied technologies are constituted by three main categories (i.e. mass 
spectrometry (MS) or gas chromatography-based (GC) methods, laser-adsorption 
spectroscopic methods and chemical sensors [16]). 
Nevertheless, the drawback of the former two technologies is their incapability to 
analyze breath in real-time.  
Other technologies like proton transfer reaction mass spectrometry (PTR-MS) [17], 
proton transfer reaction time-of-flight mass spectrometry (PTR-TOF-MS) [18] and 
selective ion flow tube mass spectrometry (SIFT-MS) [19] are limited because of 
their cost, complexity in application and furthermore they are not portable systems. 
For this goal, chemoresistive gas sensors based on MOS are very intriguing for their 
low-cost, simplicity and miniaturization in portable breath analyzers [16]. 
However, in order to be applied to human breath, some features must be 
accomplished, such as great sensitivity, low limit of detection and elevated 
selectivity to the target marker in the complex mixture of breath in humid 
conditions. In the human breath many species are present such as acetone, CO, 
HCN, NO, ethane, DMS (dimethilsulphur) CO2 and many others [16]. 
Up to now, MOS like n-type WO3 [20–22], SnO2 [23, 24], In2O3 [25,26], ZnO 
[27,28], TiO2 [29], MoO3 [30] together with p-type Cr2O3 [31], NiO [32], CuO [33], 
have been investigated as sensitive elements for ammonia detection. 
One of the most interesting prototypes was developed by Fujitsu [34] for breath 
analysis. It consists in a p-type resistive CuBr sensor, with humidity and pressure-
temperature sensors connected with a low-energy Bluetooth module and a battery 
for data transimission to a smartphone. Sensitivity in the range 100-1000 ppb was 
achieved and the principle of measure is displayed in Figure 1.   
 
 
Figure 1. CuBr sensor for NH3 monitoring in which NH3 evaporated in the lungs 
and exhaled in the device where the interaction with Cu+ occurs [34]. 
 
By tailoring the material characteristics (i.e. particle size, morphology and phase 
composition) in the synthesis, and by optimizing the operational parameters, the 
above requirements for sensor performance can be satisfied. 
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This development was recently reported with a portable device based on WO3 as 
breath detector for acetone which relates with accuracy to blood glucose before 
breakfast test [35]. 
 
7.1.2 Co3O4 characteristics and synthesis 
 
Among SMOx, p-type semiconductors with great catalytic activity and important 
solubility of O2 can be adopted efficiently to fabricate ammonia sensors with high-
performance.  
Cobalt oxide, Co3O4, has reported great consideration by reserachers for its great 
strenght towards corrosion, large availability l and non-toxicity. 
Co3O4 is a antiferromagnetic mixed valence oxide and is CoO•Co2O3 is its formula. 
The crystal structure is that of the characteristics spinel, with Co2+ in tetrahedral 
(8a) and Co3+ in the octahedral interstices (16d) of the CCP lattice (cubic close-
packed) space group Oh7 – Fd3m. Finally, the 32 O2– ions occupy 32(e) sites [35]. 
An image of its crystal structure is illutrated in Figure 2. 
 
 
Figure 2. Crystal structure of Co3O4 [36]. 
 
Co3O4 is a promising metal oxide that finds application in Li-ion batteries [37], 
catalysts [38], and gas sensors [39, 40].  
Co3O4 exhibits a great catalytic activity as oxidant [38], and it is designable for 
improving the sensing features such as gas response and selectivity [41, 42].  
Nevertheless, most reports on the Co3O4 sensors indicate applications in high 
operational temperature (i.e., above 300°C).  
Several nanostructures of Co3O4 have been studied so far. They include 
microspheres [43], nanofiber [44], nanowires [38], nanotube [37], nanobelt [45], 
nanorods [46], and nano-sheets [47] using various synthesis methods such as 
hydrothermal synthesis, thermal oxidation, electrospinning and inverse 
microemulsion. 
In this thesis nano-crystalline Co3O4 spinel was obtained by sol-gel combustion 
route and utilized as NH3 sensitive MOS. Combustion route is an easy, interesting 
and intriguing method for realizing several inorganic nanomaterials with high 
purity. Moreover, it is adaptable to different supports for the manifacture of 
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structured catalysts or chemical sensors [48, 49]. The synthesis route consists in the 
chemistry of propellant. A self-propagating exothermic reaction indeed begins 
typically in an aqueous or in a sol-gel system next to a quick thermal treatment, 
producing nanocrystalline materials with high purity [50, 51]. This process is 
facilely tunable, extremely versatile and efficient, permitting a fine-control of the 
characteristics of the final compounds. Combustion route is a green, scalable and 
sustainabletechnique, in agreement with the principles of circular economy [52]. 
Co3O4 was obtained by combustion route by mixing glycine (NH2CH2COOH, ≥ 
99% purity, Sigma-Aldrich) - the organic fuel- with cobalt nitrate (Co 
(NO3)2.6H2O, ≥ 98% purity, Sigma-Aldrich) -the oxidizer- in an aqueous medium. 
¼ of the stoichiometric glycine was added [53], in accordance with the following 
reaction (eq. 1): 
 
3𝐶𝑜(𝑁𝑂3)2 +
28
9
𝑁𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 → 𝐶𝑜3𝑂4 +
56
9
𝐶𝑂2 +
70
9
𝐻2𝑂 +
41
9
𝑁2  (1) 
 
Glycine keep the mixture at the proper level of homogeneity avoiding the 
precipitation of ions in the first step of the combustion. In addition, it reacts with 
nitrate during the combustion, in accordance with the chemistry of propellants [49, 
53]. Firstly, all reagents were dissolved in an aqueous solution by mixing at 120°C 
till a gel was obtained. The mixture was subsequently put at 250°C in an oven to 
initiate the reaction. After 20 minutes, a fine powder was obtained [54]. The 
obtained powder was subsequently manually milled in an agata mortar with an 
agata pestle. At the end, cobalt spinel precursor was calcined at 600°C for 4 h in 
static air resulting in a black and fine powder. 
 
7.1.3 Co3O4 powder and film characterization 
 
Figure 3 shows TG-DSC curve of the pre-annealed under static air cobalt oxide 
powder for 4 h at 600°C. TG curve shows a first mass loss of around 2% in the 
range 300°C-650°C, generated by the combustion of precursors residues still 
present. Thus, a second weight loss was detected at higher temperature, between 
900° and 930°C, when Co3O4 decompose into CoO according to equation (2): 
 
𝐶𝑜3𝑂4 ⁡→ 3𝐶𝑜𝑂 +⁡
1
2
𝑂2   (2) 
 
The mass loss of this step of decomposition is 6.3 wt%, similar to the theoretic 6.6 
wt%. The whole mass loss is circa 8%. DSC curve shows one minute exothermic 
signal at 310°C that may be attributable to the combustion of residual carbonaceous 
material and a sharp endothermic peak with maximum at 918°C that is due to the 
decomposition of spinel into CoO, e.g. a thermal reduction of Co3+ to Co2+ as 
previously described [55].  
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Figure 3. TG-DSC curve of Co3O4 annealed at 600°C for 4 h in static air [1]. 
 
The formation as well as the crystallization of Co3O4 phase after an heat treatment 
at 250°C for 20 min, after calcination at 600°C for 4 h and after additional annealing 
at 700°C for 1 h (with the identycal thermal treatment of the fabricated thick layers) 
are denmostrated by XRD investigation illustrated in Figure 4. 
 
Figure 4. XRD analysis of Co3O4 powder pretreated at 250°C for 20 minutes 
(a), annealed at 600°C for 4 h in static air (b) and then subsequently fired at 700°C 
for 1 hour (c) [1]. 
 
The XRD pattern of Co3O4 assess the crystallization of the cubic Co3O4 phase 
in the Fd3m space group (JCPDF file n°01-080-1533). The mean crystallite sizes, 
calculated by Scherrer equation, are 50 nm considering the powder heated at 250°C 
for 20 min, 76 nm for the sample calcined at 600°C for 4 h and 77 nm for powder 
fired at 600°C for 4 h and subsequently at 700°C for 1 h, respectively. The latter 
calcination at 700°C affect mildly the crystallite size of the cubic Co3O4 NPs. 
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Furthermore, the Raman analysis of the Co3O4 strengthens the formation of 
Co3O4, revealing five main Raman peaks at 196, 483, 525, 623, and 692 cm−1, that 
correspond respectively to the F2g, Eg, 2×F2g, and A1g modes of crystalline Co3O4, 
outlined in Figure 5 [56]. 
 
 
Figure 5. Raman spectroscopy of Co3O4 pretreated at 600°C for 4 h in static 
air [1]. 
 
The chemical and electronic states of Co and O in Co3O4 sample were studied 
by XPS analysis. The next Figure 6 displays the high-resolution spectra for O and 
Co, respetively.  
 
 
 
Figure 6. HR XPS spectra of Co3O4 calcined at 600°C for 4 h in static air: 
O1S (a) and Co2p (b) [1]. 
 
In the case of O, the HR XPS spectrum illustrates asymmetric O1s peak that can 
be deconvoluted into two components, a principal and a minor one, as illustrated in 
Figure 6a, at 529.7 and 531.6 eV, respectively. The first signal at the lower BE is 
due to O2− ions in the Co3O4, enclosed by Co atoms, corresponding to oxygen lattice 
(Ol) [57]. 
235 
 
The peak at 531.6 eV is generated by O2- ions in oxygen-deficient areas in the 
Co3O4 that are oxygen vacancies and oxygen species respectively in adsorbed Co-
OH and Co-H2O [40, 58].  
After the deconvolution of the Co2p spectrum in high resolution, two main 
components at 780 and 795 eV were obtained. Those aregenerated by Co2p3/2 and 
Co2p1/2, respectively (Figure 5b) [42, 43]. This pattern is characteristic of the Co3O4 
spinel arrangement with no CoO phase [58]. After the deconvolution of Co2p3/2 
signal into components generated by Co2+ (with a broad signal at 780.6 eV) and 
Co3+ (with a broad signal at 779.6 eV), the ratio Co2+/(Co2+ + Co3+) is 0.21. This 
value is much below the theoretic value of 0.67 for Co3O4. Small Co2+ values can 
be a result of the sub-stoichiometric quantity of glycine utilized in the 
autocombustion process [59]. 
From N2 adsorption measurements on Co3O4 powder, the SSA was equal to 4.5 
m2g–1. 
The results of TGA water adsorption test carried out at 30°C and 250°C are 
illustrated in Figure 7.  
 
Figure 7. TG curves of water-adsorption tests carried out for Co3O4 calcined 
at 600°C for 4 h in static air: blank test (a), Co3O4 at 30°C (b), Co3O4 at 250°C (c) 
[1]. 
 
After the introduction of 1 vol% of H2O in Ar, the response of the system was 
investigated by carrying out firstly a blank test. The apparent alteration in the weight 
of the blank test was 0.007 mg (in Figure 7a). This value was subtracted from the 
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weight of adsorbed H2O measured for Co3O4 sample (in Figure 7b, c). Taking into 
account the modest SSA value (4.5 m2g–1) of the Co3O4, a surface concentration of 
1 and 0.3 reversibly adsorbed H2O molecule per nm2 was calculated respectively at 
30°C and 250°C [60]. 
This result assesses that water adsorption is modest on spinel surface, and water 
vapor represents a modest interference on sensing process both at room T and at 
250°C. 
The Co3O4 powder and sensor morphologies were investigated by FESEM 
respectively in Figure 8a, b and 8c, d. 
 
 
Figure 8. FESEM images of Co3O4 powder: low magnification, 25 kx (a); 
high magnification, 100 kx (b); and of Co3O4 film: low magnification, 25 kx (c); 
high magnification, 100 kx (d) [1]. 
 
 
The powder, after calcination at 600°C for 4 h, is constituted by clusters of 
crystals having the typical rombicuboctahedral shapes of the particles.  
The crystals exhbit a heterogenous architecture, with edges not clearly 
delimitated, that are generated by the liberation of gases in the auto-combustion 
procedure [49, 50]. FESEM analysis was carried out on the fabricated sensors fired 
at 700°C for 1 h (Figure 8c, d) disclosing that Co3O4 grains possess their 
characteristics rombicuboctahedral morphology, with no modifications after the 
screen-printing deposition and thermal cycle. 
Moreover, FESEM observations were also carried out ortogonally to screen-
printed films and permitted to estimate the thickness of the film, that was 20.6 ± 2.7 
µm. 
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7.1.4 Co3O4 gas sensing properties 
 
Sensors were realized by screen printing method, as previously described, and after 
700°C firing for 1 h, a satisfying adhesion of the film over the alumina substrate 
was achieved. An image of Co3O4 spinel sensor is depicted in Figure 9. 
 
 
Figure 9. Co3O4 sensor (1x2 cm2). 
 
Sensors were firstly tested towards NH3 50 ppm between 150 and 250°C, 
defining the best operating temperature. Subsequently, sensor was exposed towards 
diverse NH3 amounts at the best working T, in the range 1-50 ppm, and results were 
compared with those of similar studies. 
In Table 1 the sensor response, response and recovery times at different T are 
tabulated. 
 
Table 1. Variations in impedance, response and recovery times at different 
operating T in dry air and 50 ppm of NH3. 
Temperature 
(°C) 
Zo 
(kΩ) 
Zg 
(kΩ) 
R 
(Zg/Zo) 
τads 
(s) 
τdes 
(s) 
150 13.19 17.07 1.29 280 585 
175 5.36 9.42 1.76 210 850 
200 1.82 3.16 1.73 381 592 
225 1.83 3.35 1.83 61 396 
250 0.96 1.17 1.24 261 83 
 
Co3O4 sensor exhbits a p-type semiconductor behavior and its impedance was 
enhanced from about 0.96 until 13.19 kΩ, up to 1.17-17.07 kΩ upon exposure to 
NH3 50 ppm in dependence of the working T in dry air (Table 1). Taking into 
account the sensor’s response together with τads and τdes, the best operating T 
correponds to 225°C as illustrated in Figure 10 and Table 1. 
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Figure 10. Co3O4 sensor response at different working T (150-250°C) 
towards 50 ppm NH3 in dry air [1]. 
 
At 225°C, under 50 ppm of NH3 the τdes was not the fastest in literature (6 
minutes and 36 seconds), while the τads was quite fast (around 1 minute). Those 
results are illustrated in Figure 11 and Table 1. 
 
Figure 11. Impedance’s variations upon different ammonia concentrations 
exposure (1, 2.5, 5, 10, 25 and 50 ppm) at 225°C [1]. 
 
Table 2 collects the Co3O4 sensor performances upon NH3 1, 2.5, 5, 10, 25 and 
50 ppm at 225°C in terms of initial and final impedance, sensor response, response 
and recovery times. Outcomes were utilized in order to evaluate the sensitivity of 
the Co3O4 device. In accordance with the IUPAC, sensitivity of the Co3O4 sensor 
was defined by the slope of the interpolation curve R=f ([NH3]), as depicted in 
Figure 12. The calibration curve is expressed as y=a+bxc in the NH3 interval of 
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concentration under investigation (1-50 ppm; R2=0.998) and the sensitivity is 0.051 
ppm-1. 
 
Figure 12. Calibration curve of Co3O4 sensor towards NH3 at 225°C [1]. 
 
Table 2. Co3O4 R upon NH3 1, 2.5, 5, 10, 25 and 50 ppm at 225°C and its 
response and recovery times. 
[NH3] Zo(kΩ) Zg(kΩ) R(Zg/Zo) τads (s) τdes (s) 
NH3 1 ppm 1.7 1.87 1.1 183 249 
NH3 2.5 ppm 1.73 2 1.16 161 302 
NH3 5 ppm 1.75 2.1 1.2 124 313 
NH3 10 ppm 1.78 2.29 1.29 112 367 
NH3 25 ppm 1.81 2.8 1.55 83 345 
NH3 50 ppm 1.83 3.35 1.83 61 396 
 
Furthermore, the long-term stability of Co3O4 thick film was also studied, by 
exposing the Co3O4 sensor upon 3 pulses of 5 ppm of NH3 after 9 months from the 
fabrication, as depicted in Figure 13. 
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Figure 13. Long term stability and repeatability of Co3O4 film upon 5 ppm of 
NH3 after 9 months from the fabrication [1]. 
 
The R upon 5 ppm of ammonia in dry environment is similar to the previous 
test (R = 1.19 versus R = 1.2). Thus, the as-fabricated Co3O4 sensor exhbits a great 
repeatability between three pulses. 
Since the evaluation of the MOS devices selectivity is essential for practical 
applications, diverse cross-sensitivity tests were performed at the best operational 
T of 225°C. Variations in the impedance of the Co3O4 thick film were recorded 
after exposing the sensor for 10 min towards different gases and putting in 
comparison its Z under dry air over the identical period of time and results are 
tabulated in Table 3.  
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Table 3. Cross-sensitivity tests for Co3O4 film at the optimal operating T. 
Gas 
 
Zo (kΩ) Zg kΩ) R 
τads (s) τdes (s) 
CH4 100 ppm 
 1.83 1.83 1.00 n.d. n.d. 
CO 10 ppm  1.84 1.84 1.00 n.d. n.d. 
O3 0.5 ppm 
 1.83 1.78 1.03 n.d. n.d. 
NO2 0.1 ppm 
 1.85 1.88 1.02 18 54 
N2O 15 ppm 
 1.85 1.85 1.00 n.d. n.d. 
CO2 500 ppm 
 1.83 1.76 1.04 127 102 
RH 50%  1.86 2.5 1.34 276 291 
NH3 25 ppm 
 1.81 2.80 1.55 83 345 
NH3 25 ppm 
+ RH 50% 
 1.86 2.94 1.58 784 456 
RH 90%  1.87 2.28 1.22 157 162 
NH3 25 ppm 
+ RH 90% 
 1.87 2.60 1.39 321 290 
 
NB: n.d. = not determined. 
 
Thus, a hystogram of the selectivity measurements carried out at 225°C is 
illustrated in Figure 14 assessing an excellent selectivity for NH3 of the Co3O4 thck 
layer also in humid environments (50% and 90% of RH). 
 
Figure 14. Cross sensitivity of Co3O4 225°C [1]. 
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In Figure 14, NH3 stands for 25 ppm of ammonia, CH4 for 100 ppm of methane, 
CO for 10 ppm of carbon monoxide, N2O for 15 ppm of nitrous oxide, RH50 for 
50% of relative humidity, RH90 for 90% of RH, O3 for 0.5 ppm of ozone, NO2 for 
0.1 ppm of nitrogen dioxide and CO2 for 500 ppm of carbon dioxide. 
Surprisingly for common SMOx, Co3O4 displayss a great selectivity for NH3 
detection at ppm range, only in partial accordance with other studies [61-63]. These 
results are in accordance with water-adsorption tests performed on spinel cobal 
oxide that exhibits an idrofobic behavior, thus decreasing the interence towards RH. 
More in detail, a mildly interference is due to H2O molecules, that are reducing 
agents on the Co3O4 surface at 225°C, in accordance with TGA water adsorption 
experiments. As a matter of fact, when it interacts with 25 ppm of NH3, Co3O4 
sensor response is 1.55 with τads of 83 s, whereas upon 25 ppm of NH3 in humid 
envinroment (50 RH%) the sensor response is almost the same, even if the τads 
enhances considerably till 784 s. This is a confirmation of the competition between 
ammonia and water as reductants for the identical Co3O4 adsorption centres. Thus, 
the variations of the sensor response upon 25 and 1 ppm of NH3 in a baseline of 
90% RH was tested and Z changes are shown in the Figure 15. 
 
Figure 15. Changes in impedance for Co3O4 film upon 90% of RH and 25 
and 1 ppm of NH3 at 225°C [1]. 
 
The spinel Co3O4 sensor was put in a 90% RH condition and R was 1.14 
(whereas R=1.55 in dry environment) denmostrating the competition between H2O 
and NH3 for the identical sites of adsorption and also in this case the sensor displays 
a change in impedance of 3% when interacts with 1 ppm of NH3 in 90% of RH. 
The effect of the baseline humidity for the cobal oxide sensor response in the 
range 1-5 ppm is reported in Figure 16. 
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Figure 16. Baseline effect of humidity in the sensor response of Co3O4 film 
upon 1-5 ppm of NH3 [1]. 
 
From the calibration curves, the sensor is still sensitive to NH3 1 ppm under 
strong humid conditions (90 and 99%) with sensitivity respectively equal to 0.012 
and 0.0076 ppm-1 (0.051 ppm-1 in dry conditions). These results confirm the 
exploitation of the as-realized sensor for breath monitoring, distinguishing the 
healthy human (ammonia concentration lower than 1 ppm) with respect to the 
ESRD patients. Moreover, these results support the utilsation of Co3O4 as sensitive 
and selective metal oxide that can detect NH3 at ppm level in soils, where interences 
with respect to CH4 and N2O must be avoided. 
At the end, , results of this thesis were put in comparison with other studies on 
Co3O4-based sensor for NH3 monitoring, and results are tabulated in Table 4. 
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Table 4. Comparison of the NH3 sensing features of Co3O4 from the state of 
the art. 
Technological route Film thickness 
Sensitivity 
(ppm-1) 
Sensor 
response 
(R=Rg/Ro) 
Conditions of 
measurements Reference 
Co3O4/polyethyleneimine-
carbon nanotubes composites 
by hydrothermal synthesis  
 
Thin 
film 
 
n.d. 
 
Ca. 
1.35 
 
R.T., 50 
ppm 
 
[35] 
Hierarchical Co3O4 by 
hydrothermal synthesis  
Thick 
film 
n.d. Ca. 7 160°C, 50 
ppm 
[38] 
Co3O4 sol gel spin 
coated films technique  
Thin 
film 
n.d. 1.28 200°C, 50 
ppm 
[39] 
Co3O4 by precipitation 
route and annealing  
Pellet n.d. Ca. 
28.5 
R.T., 60.6 
ppm 
[40] 
Hybrid Co3O4/SnO2 
core−shell nanospheres 
by hydrothermal 
synthesis  
 
Thick 
film 
 
n.d. 
 
Ca. 
7.5 
 
200°C, 50 
ppm 
 
[41] 
Nano-sheet arrays of 
Co3O4 by hydrothermal 
synthesis  
 
5.2 
µm 
 
0.0819 
 
Ca. 
5.6 
 
R.T., 60 
ppm 
 
[42] 
Dumbbell-like Co3O4 by 
hydrothermal synthesis  
n.d. n.d. Ca. 
1.4 
R.T., 50 
ppm 
[43] 
Co3O4 thick film by 
combustion synthesis 
20.6 
µm 
0.051 1.83 225°C, 50 
ppm 
This 
work 
NB: R.T. = room temperature. 
 
Comparing the results of this thesiss with other studies related to Co3O4 sensors 
for ammonia detection, the higher sensor response is typically obtained in the 150°-
200°C range of T, even if in [35] and in [40] the highest response at ambient 
temperature were measured. These finding can be a result of a synergic effect of 
oxygen adsorption and electron transport in the Co3O4/polyethyleneimine-carbon 
nanotubes composites, and an other explanation can be that the tested sensors were 
in the form of pellets. In [42] intriguing results were obatined operating at ambient 
T. Taking into consideration table 4, it seems that the fabrication of sensitive 
materials through hydrothermal route allow to achieve higher sensing performances 
compared to other methods of fabrications. This may be a result of the higher value 
of SSA obtained by these solutions. Nevertheless, one limit of hydrothermal route 
is the small quantity of product that can be synthesized in every batch (as described 
in the chapter 5). Therefore, the presented combustion synthesis is an intriguos 
procedure since it permits to overcome restrictions in the quantity of product 
synthesized in one batch when comparing with the HT route. This is a big advantage 
for manifacture of chemical sensors at industrial scale, where there is a need of large 
amounts of material.  
In all impedance measurements performed, no variations in capacitance was 
measured and imaginary part was almost negligible.  
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When Co3O4 thick film interacts with ammonia, NH3 reacts with the surface 
adsorbed species 𝑂2−and 𝑂− in order to generate NO2 and H2O [41], permitting the 
trapped e- to return to the CB (eq. 3). 
 
2𝑁𝐻3 + 7𝑂
− → 2𝑁𝑂2 + ⁡3𝐻2𝑂 + 7𝑒
− (3) 
 
This step decreases the density of holes, increasing the impedance of the film 
[41]. When NH3 molecules are removed from the surface, the re-adsorption of 
oxygen species allows fast recovering of the initial Z. 
Generally, the O- and O2- adsorption on Co3O4 generates a HAL and conduction 
occur principally across the near-surface of HAL. As a result, the chemo-resistive 
alterations of p-type MOS are smaller compering with those egnerated at the 
electron-depletion layers of n-type MOS. Nevertheless, p-type metal oxides display 
the advantage to operate at lower temperature. 
Co3O4 thick film exhbits peculiar catalytic activities that support the selective 
oxidation of NH3 as a consequence of the great affinity with oxygen and the 
possibility to present multivalent oxidation states. 
Under oxiditant gases (like NO2 and O3), the impedance of p-type 
semiconductors begin to drop. This is a result of an increase in the quantity of holes 
in the layer after ionosorption of oxiditant gases. However, chemo-resistive changes 
of p-type MOS upon oxidant gases are quite small if we consider the gas sensing 
mechanism. This may giustify the lack of sensor response upon O3 and NO2 species 
in Co3O4 thick film devices [4]. 
For all those reasons, the proposed Co3O4 sensor could find an usage in breath 
analysis in which a selective control of NH3 is needed at ppm concentration also 
considering to humidity and CO2 [46]. In addition, this sensor can exploit an 
efficient monitoring of NH3 content in soils where selectivity for ammonia is crucial 
among gases such as humidity, CH4 and N2O.  
 
7.2 Nitrogen dioxide detection 
 
Abstract 
In this section, results of ZnO in wurtzite-like crystalline structure sensors are 
reported for NO2 detection at ppb-level. Sensor performances of ZnO sensors 
obtained by auto combustion sol-gel synthesis (AC-ZnO) and by hydrothermal 
route (HT-ZnO) are compared each other. After synthesis, powders were 
characterized by laser granulometry, DTA-TG, XRD and nitrogen adsorption. 
Thick film devices were manifactured by screen-printing on α-Al2O3 substrates 
equipped with Pt electrodes and fired at 500°C for 1 h in air. Morphologies of the 
fabricated thick film were investigated by FESEM. Sensor characteristics were 
studied between 50°C and 250°C under 250 ppb of NO2. The optimum operating 
temperature was achieved at 150°C, with R (Zg/Z0) equal to 22.84 for AC-ZnO and 
46.73 for HT-ZnO under 250 ppb of NO2 in dry conditions. Response and recovery 
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times were also definied, and cross-sensitivity tests by exposing the film towards 
CH4, CO2, N2O, humidity and O3 at the best operating temperature. The sensor 
exhibits high sensitivity for nitrogen dioxide detection, supporting the exploitation 
of these sensors as nitrogen dioxide detectors in the sub-ppm level of NO2. 
 
7.2.1 NO2 issue 
 
NOx plays an essential function in the generation of O3. Thus, those oxidant species 
produce part of the secondary inorganic aerosols (SIA), through formation of 
nitrates, increasing the amounts of PM10 and PM2.5 [64]. 
Among NOx, nitrogen dioxide (NO2) is the specie of highest concern considering 
the protection of human health. 
NO2 is soluble in water, it is characterized by a reddish-brown color, with a 
characteristic pungent smell. Nitric oxide (NO) generates spontaneously NO2 if it 
is exposed to air. 
NO2 is an important atmospheric trace gas for many reasons: 
➢ it absorbs visible radiation from the sun and can damage the visibility.  
➢ Since it is a visible radiation adsorber, it has a potential direct capacity 
in global warming if its amounts are elevated. 
➢ it is one of the main regulator of the oxidizing role of the troposphere by 
governing the presence of radicals such as OH.  
➢ it is fundamental to determine O3 levels in troposphere since the NO2 
photolysis is the main initiator of the photochemical generation of O3, 
in both polluted and unpolluted environments [65]. 
NO2 is tranformed further in atmosphere forming strong oxidant species that 
participate in the generation of HNO3 and of its ammonium salts. Thus, NO2 is 
activated through the photochemical reactions activated by solar radiation, 
generating a wide range of pollutants that are a source of particles in PM. As a 
result, NO2 is an essential precursor of several secondary pollutants of whom 
conseuquences on human health are deeply studied. 
Globally, emissions of NOx from biogenic sources far surpass those produced by 
antropogenic activities. Biogenic sources cover intrusion of stratospheric NOx, 
volcanic and bacterial phenomena and lightning. Nevertheless, the resulting 
background atmospheric concentrations is low since biogenic emissions are spread 
over the whole earth surface. The main sources of anthropic NOx in troposhere are 
the creactions of ombustion both in stationary (heating and power production) and 
in mobile systems (internal combustion motors in ships and vehicles). In the major 
part of ambient situations, in atmosphere NO is emitted and oxidized quickly into 
NO2, by oxidants like O3. As a result, this reaction is the main route for atmospheric 
NO2 generation, even if different contributions from specific non-combustion 
industrial phenomena like HNO3 manifacturing, utilization of explosives and 
welding have been considered. Altshuller [66] calculated that 50% conversion of 
NO takes in less than 1 minute at [NO] 0.1 ppm in the presence of an [O3] of 0.1 
ppm. 
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Indoor sources of NOx involve tobacco smoking and the utilization of gas-fired 
instruments and oil stoves.  
In Figure 17, a scheme of acute and chronic effects in human lungs after NO2 
exposure is shown. 
 
 
Figure 17. Effects of NO2 exposure on human lungs [67]. 
 
NO2 exerts several biological consequences on metabolism of lungs, structure, 
function, inflammation and resistance upon host towards respiratory infections for 
its oxidant character. 
In addition, human health consequences can outcome both aftershort-term (e.g. 
degeneration of lung performance in humans) and long-term exposure (e.g. higher 
vulnerability towards pulmonary infections). Epidemiological investigations have 
confirmed that symptoms of bronchitis in kids with asthma are higher after long-
term exposure towards NO2.  
NO2 is able to diffuse in the epithelial lining fluid (ELF) of the respiratory 
epithelium, reacting  with antioxidants and lipids in the ELF. The consequences on 
health of NO2 are due to the reaction byproducts or their metabolites. Those are 
reactive nitrogen species and results in inflammations, bronchoconstriction, 
diminished immune response, and may also have bad consequences towards cardio-
circulatory system [68]. 
If NO2 is directly exposed to the skin, it can result in irritations and burns. 
Instantaneus distress are caused by high amounts of the gaseous form: 10–20 ppm 
results in mild irritation of the nose and throat, 25–50 ppm give rise to edema 
causing pneumonia or bronchitis, and concentrations up to 100 ppm provokes death 
for asphyxiation. Frequently, no symptoms during exposure occur different from 
fatigue, nausea or transient cough, but over hours of inflammation in the lungs, 
edema is produced [69].  
A main source of indoor NO2 is constituted by gas stoves for cooking or heating, 
and exposure to NO2 is particularly dangerous for children affected by asthma. In 
an epidemiological study [70] it was assessed that high levels of NO2 were 
responsible for greater levels of respiratory complications, exemplifing that NO2 
toxicity is harmful for kids. 
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The excess in the reactive nitrogen deposition can generate a surplus of nutrients in 
ecosystems, resulting in eutrophication in both terrestrial and aquatic communities, 
including biodiversity loss [71]. 
Considering NO2, two thresholds limits and an alert threshold are determined for 
the human health safety. The threshold limits are defined for short-term (1 hour) 
and long-term (1 year) exposure and EU Member States were required to accept 
them before January 1st2010. The 1h limit can be surpassed not more than 18 times 
in a year earlier thet the limit is violated and the concentration of NO2 TLV is equal 
to 106 ppb. A critical level is also fixed for average of NOx in a year for protecting 
the vegetation, equal to 16 ppb. 
Thus, the 2008 Air Quality Directive (EU, 2008c) also determined an alert threshold 
limit of 213 ppb. In the case of three successive hours of excesses in areas of not 
less than 100 km2 or in a whole air quality management region, authorities must 
enforce short-term action plans. These can involve measures such as decreasing 
motor vehicle traffic, and the utilization of industrial products or plants and 
household heating. Definite actions pointing at the preservation of weak groups, 
such as kids, by diminishing their exposure time towards elevated NO2 amounts can 
also be accounted in those actions. Finally, in EU, the TLV annual mean [NO2] 
concentration is set at 21 ppb. 
Nowadays, wide spatial NOx detection is restrained since the equipment for 
measuremenets is limited, considering techniques like continuous 
chemiluminescence monitors, that occupy big volumes and have high costs. 
Furthermore, they need elaborate infrastructures, technical-scientific support and 
constant power supply. For overcoming the above-mentioned deficiency, passive 
samplers have been profitably utilized for large scale detection of NOx in the 
environment [72]. 
 
7.2.2 ZnO characteristics and synthesis 
 
The current technological advances are correlated to the fundamental study of 
known materials and substantial alterations in their preparation methods, resulting 
in the design and realization of innovative materials including nanostructures. In 
this framework, ZnO exhbits a great interest for its possibility to tune and manage 
different characteristics. A peculiar feature of ZnO is its capacity to generate 
nanostructures with diverse sizes and morphology: wires, tubes, ribbon, rods and 
tetrapods. ZnO is characterized by a wide bandgap equal to 3.4 eV, it is 
characterized by a stable wurtzite structure with lattice spacing a =0.325 nm and c 
= 0.521 nm. Thus, for its unique properties, it finds applications in many fields like 
in piezoelectrics, ultraviolet (UV) light emitters, transparent and spin electronics 
and gas sensors [73]. 
ZnO exhibits many promising characteristics such as wide bandgap, considerable 
electron mobility,  great transparency and effective luminescence at room T. Those 
features are usable in novel applications for heat-protecting windows, transparent 
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electrodes in liquid crystal displays, in energy-saving systems, in electronics in 
light-emitting diodes and as thin layer transistors. 
Crystalline ZnO exhibits thermochromic characteristics, since when it is heated in 
air it changes reversibly its color from white to yellow [74]. 
Furthermore, it is an amphoteric ceramic, almost insoluble in H2O but it can be 
dissolved in many acids. 
ZnO crystallizes in three different forms as depicted in Figure 18: hexagonal 
wurtzite, cubic zinc blende and the infrequently observed cubic rocksalt. 
 
 
Figure 18. ZnO crystal phases: wurtzite (a), zinc blende (b), rocksalt (c) [75]. 
 
The most stable structure at room temperature is the wurtzite, while the zinc blende 
phase is stabilizable after growing ZnO onto substrates having cubic lattice 
structure. In both situations, Zn and O centers are tetrahedral. The rocksalt structure 
is stable exclusively at elevate P (around 10 GPa) [76]. 
The hexagonal wurtzite structure has a point group 6mm and the space group is 
P63mc. The lattice constants are a = 0.325 nm and c = 0.52 nm, with a ratio c/a ~ 
1.60 similar to the theoretic value of 1.633 typical for hexagonal cells. 
ZnO is largely utilized as an additive in several materials like cements, lubricants, 
glass, ceramics, rubbers, plastics [77] foods, batteries, paints, adhesives, sealants, 
pigments, ferrites and fire retardants. Even if it is present in nature in the form of 
mineral zincite, most ZnO is synthetically obtained [78].  
In addition to the aforementioned properties, ZnO displays peculiar characteristics 
for gas sensing like large exciton binding energy (60 meV), great photoelectric 
response, outstanding chemical and thermal stability [79–84]. 
ZnO can also be synthetized easily, cheaply and it is appropriate for high mass 
production.  
Furthermore, ZnO chemoresistive sensor typically works between 300 and 500°C 
[85–87], because high thermal energy of surface redox reaction is needed to surpass 
the Ea enhancing the velocity of the process [88].  
High-operation temperature adversely restricts its vast application, because of the 
highest power required and increased risk of gas explosion [89]. 
The pressing need is to decrease the working temperature of ZnO chemical sensors, 
realizing smaller and cheaper devices, in accordance with the actual developing 
direction [90]. Most of all, low operational T furnish a reduction in power 
consumption and in the risk of gas explosion. In addition, it refines the long-term 
stability of the device. 
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For instance, ZnO, ZnO nanowires [91] were successflully realized for H2 detection 
at low temperature. Selectivity towards H2 gas was obtained by sputtering Pd 
clusters on the nanorods’s surface. By adding Pd NPs, an efficient catalytic 
dissociation of H2 into atomic hydrogen was achieved, enhancing its sensitivity. It 
can detect H2 amounts till 10 ppm at room T, whith no interference with respect to 
oxygen. 
Recently, [92] ZnO nanowires were synthesized by hydrothermal route as sensitive 
element. The produced sensors displayed ultra high SR%equal to 98% towards 100 
ppm of H2 at 250°C. In [93] W-doped ZnO thin layer were realized by magnetron 
sputtering. This hybrid sensor exhbited considerable superior sensing 
characteristics upon 5–10 ppm NO2 exposure at 150°C. 
In order to develop sensitive ZnO thick films sensors, two synthesis routes were 
carried out. In the first one, ZnO nanoparticles were obtained by a sol-gel 
autocombustion synthesis, while in the other one, a hydrothermal route was carried 
out for synthetizing ZnO nanopowder. 
In the first synthesis, zinc nitrate hexahydrate (Zn (NO3)2.6H2O, Sigma Aldrich, 
99.9%) and soluble potato starch ((C6H10O5)n, Sigma Aldrich) were utilized with 
no additional purification. 
Large variations in structure and composition of starches from diverse botanical 
sources were noticed, but all are based on two main components, amylose and 
amylopectin. Those are both polymers of α-glucose units in the 4C1 conformation. 
In amylose, these are linked (1→4), with all ring oxygen atoms disposed on the 
identical part, while in amylopectin one residue every twenty is linked (1→6) too, 
generating branch-points. 
Two different solutions were prepared, the first containing 0.037 moles of Zn 
(NO3)2 .6H2O dissolved in 100 mL of H2O, the second with 0.42 mole of potato 
starch in the identical quantity of H2O. Potato starch solution was heated at 80°C 
and maintained under vigorous magnetic agitation for 1 h to provide the complete 
dissolution of starch. Starch becomes water soluble at this temperature and the 
semi-crystalline architecture is missing. Subsequently to the addition of zinc nitrate 
into the starch solution, metal cations are drawn by oxygen of the OH branches [94]. 
After complete starch dissolution, the two mixtures were maintained further stirred 
for 15 min and subsequently mixed each other directly in an Al2O3 crucible. The 
resultant mix is turbid, since starch begin to become gel during mixing. Thus, the 
crucible was put in a H2O bath at 90°C and under stirring continuously through 
magnetic heater-stirrer for 5 h. 
During this time, water evaporates from the mixture and the viscosity increases. 
The resultant product after water removal is a dense white-yellowish gel. Then, the 
crucible was rapidly (10 °C/min) heated at 300°C for 30 min to remove the residual 
H2O starting the ignition of reagents. The combustion reaction ended after 1 minute 
from the ignition. A large amount of smoke was produced during this reaction. The 
product obtained is a spongy brown friable mix of ZnO, partially unreacted reagents 
and carbon as confirmed by TGA analysis.  
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Then, the mix was manually milled and finally thermally treated in a furnace at 
500°C (10°C/min) for 2 h. The resultant product is a bright white fine product of 
ZnO that was manually milled. 
This novel synthesis route exhbits high yields of products. In fact, a yield of 90% 
was obtained. 
The amounts of reactants and their relative proportions were chosen according to 
the reaction stoichiometry. The proportion fuel/oxidant (φ), i.e. zinc nitrate/potato 
starch, was imposed equal to 2.25. In this case, a highly rich mixture with a 
significant lack of oxidant was used. In these conditions, the amount of the oxidant 
Zn (NO3).2.6H2O is not enough to ensure the complete oxidation of the starch, 
acting as a fuel. As a result, additional oxygen from the air is required, but in the 
synthesis conditions (static air and closed environment inside the crucible and 
furnace’s chamber) this additional amount is not provided properly. The result is a 
partial pyrolysis of the fuel, instead of the complete oxidation [95-97].  
For the value of the parameter (φ), the equation (4), derived according to the 
principles of the combustion processes [95-97], describes the overall process: 
 
Zn (NO3)2∙6H2O + 5/12φC6H10O5 + [5/2(φ-1)] O2           ZnO + 10φCO2(g) + 
[(25/12)φ +6]H2O(g)  + N2(g)        (4) 
 
In accordance with the eq. 4, the whole reaction causes the production of large 
amounts of gases. These caused the spongy structure of the mix of products 
obtained during the reaction in fuel rich conditions [95,96]. For the sake of clarity, 
the eq. 1 is a theoretic one. The real reaction should take into account the formation 
of carbonaceous materials. These carbonaceous products create a matrix where ZnO 
particles and unreacted reagents are trapped. This and the large amount of gases 
produced avoid aggregation and sintering of ZnO particles during this stage of the 
synthesis. Moreover, the carbonaceous matrix is burned during heating the 
intermediate products at 500°C for 1 h. In these conditions, another abundant 
production of gases is induced (supposing the complete oxidation of the 
carbonaceous material to produce CO2 and H2O) and this is the reason of the fluffy 
appearance of the pure ZnO obtained at the end of the whole process (AC-ZnO).  
In the hydrothermal synthesis, all the reagents were utilized without any further 
purification. In a typical synthesis, potassium hydroxide (KOH, 1 M, Merck) and 
zinc nitrate hexahydrate (ZnNO3·6H2O, 0.5 M, Sigma-Aldrich) were dissolved 
individually in distilled water. Zinc nitrate was then dropped slowly into KOH 
under continuos stirring, forming a white gel. The mixture was put in a Teflon 
conteiner at 70°C for 4 h. Subsequently, ZnO powder was collected by filtration 
from the solution, washed several times with H2O till the pH reaches the value of 7 
and then dried at 90 °C overnight. ZnO white powder (HT-ZnO) was produced after 
calcination for 2 h at 450°C. 
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7.2.3 ZnO powder and film characterization 
 
Results of laser granulometry for AC-ZnO and HT-ZnO are depicted in Figure 19 
and in Table 5. 
 
Figure 19. ZnO particle size distributions of AC-ZnO (a) and HT-ZnO (b). 
 
Table 5. Cumulative particle size equal to d10, d50 and d90 for AC-ZnO and HT-
ZnO. 
Cumulative % AC-ZnO (µm) HT-ZnO (µm) 
d10 1.26 1.22 
d50 4.40 3.06 
d90 16.20 6.96 
 
 
Comparing the particle size distributions in volume of the synthetized ZnO 
powders, the AC-ZnO powder exhibits a trimodal distribution, with maxima at 0.4, 
2.9 and 11.9 µm. This powder shows a higher degree of agglomeration compared 
to the quasi-monomodal distribution of HT-ZnO with maximum at 3.3 µm. 
DTA-TG analysis was carried out over the AC-ZnO powder pre-calcined at 300°C 
for 30 min. Results are displayed in Figure 20. 
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Figure 20. TG-DTA curve in static mode of AC-ZnO powder heated at 300°C for 
30 minutes (10°C/min): TG continue line, DTA dashed line. 
 
The TG curve decreases until about 600°C, with a final mass loss equal to 16.27%. 
The TG and DTA signals display three prinical regions. The first one (until 180°C) 
is generated by the decomposition of chemically bound groups. The second one 
between 180° to 400°C is generated by the degradation of organic groups of starch, 
and the generation of the pyrochlore phases. The third mass loss above 400°C is 
produced by the decomposition of the pyrochlore phases and the zinc oxide 
production. Finally, no mass loss in the range 600-900°C was observed from the 
TG signal, denmostrating the probable formation of ZnO. 
XRD spectra of HT-ZnO and AC-ZnO powders are reported in Figure 21.  
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Figure 21. XRD pattern of annealed HT-ZnO (blue line) and AC-ZnO (black line). 
 
The diffraction pattern denmostrates a great crystallinity of the HT-ZnO, with the 
hexagonal wurtzite structure with high purity (JCPDS N0 80-0074).  
By means of Scherrer equation applied to (100), (002), (101), (102), (110) and (103) 
peaks, a value of 38.6 nm ± 2.1 for crystallite size was obtained. In the case of AC-
ZnO, after calcination for 1 h at 500°C, cristallization of the same hexagonal 
wurtzite structure was confirmed, even though with a lower degree of 
crystallization and with smaller crystallites (14.8 nm ± 1.7) considering the same 
six peaks. 
The decrease in crystallite size for AC-ZnO compared to HT-ZnO can be related to 
the different synthesis route, since the annealing was performed at similar T (450°C 
for HT-ZnO and 500°C for AC-ZnO). In fact, in the case of autocombustion 
synthesis, the carbonaceous materials from starch create a matrix where ZnO 
particles and unreacted reagents are trapped. This phenomenon prevents 
aggregation and sintering of ZnO particles during this stage of the synthesis. 
The SSA, as measured by N2 adsorption, was 19.58 m2/g and a pore size distribution 
peaking at around 4 nm for HT-ZnO, whereas for AC-ZnO this value is equal to 
15.4 m2/g with mean pore size of about 1 nm. 
FESEM images of the AC-ZnO powder and film are depicted in Figure 22. 
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Figure 22. FESEM observations of AC-ZnO powder at low (25kx, a) and high 
(150kx, b) magnifications. Images of AC-ZnO sensor at low (25kx, c) and high 
(150kx, d) magnifications. 
 
FESEM observations confirm a porous structure of the ZnO thick film, typical of 
gases run-out during autocombustion. Furthermore, neither variations in the 
morphology after screen-printing deposition nor evidence of grain growth after 
firing at 500°C for 1 h were detected. These two factors are essentials for the 
characteristics of the as-prepared nanostructures: carbon matrix formation during 
the first stage of the reaction and its combustion during the final heat treatment 
contribute to obtain a final product, AC-ZnO, constituted by small particles. Those 
were highlighened by FESEM observations, where particles less than 50 nm in 
diameter were measured by high magnification micrographs. The as-synthetized 
ZnO nanoparticles were organized in fluffy and spongy structures rich of micro and 
nanopores and voids. Sensor thickness was measured in cross-section and a value 
of 18.7 ±1.8 µm was attained as an average of 10 measurements. 
Moreover, FESEM investigation was performed for the HT-ZnO powder and thick 
film after firing at 500°C, as illustrated in Figure 23. 
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Figure 23. FESEM obserbations of HT-ZnO powder at low (25kx, a) and high 
(80kx, b) magnifications. Images of HT-ZnO sensor at low (25kx, c) and high 
(200kx, d) magnifications. 
 
FESEM investigations carried out on AC-ZnO powder and thick-film reveal a 
flower-like-desert rose shape of the nanoparticles. ZnO powder is constituted of 
almost spherical grains with constant nanostructured prism-shaped planes as 
building blocks [98]. 
The nanostructured branched morphology of ZnO is till well preserved 
subsequently to the fabrication of the thick film sensor, with petals width of about 
10 nm and rose-diameter of about 2-3 µm. In accordance with laser granulometry, 
in this case an extremely regular 3D dimension of nanoparticle and agglomerates 
was reached. No variations in the morphology and grain size were detected after 
screen printing and firing stages at 500°C. Sensor thicknesses of 19.9 ±2.1 µm were 
measured in FESEM cross section measurement. 
 
7.2.4 ZnO gas sensing properties 
 
Sensors were realized by screen-printing deposition, as previously described, and 
after 500°C firing for 1 h, a satisfying adhesion of the film over the α-alumina 
substrate was achieved and confirmed by scotch-tape test. Images of AC-ZnO and 
HT-ZnO sensor are displayed in Figure 24. 
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Figure 24. Images of screen-printed sensors AC-ZnO (a) and HT-ZnO (b). 
 
AC-ZnO and HT-sensors were firstly tested towards NO2 250 ppb in dry conditions 
at temperatures in the range 50-250°C, investigating the best operating T. Different 
NO2 amounts were then tested at the best working T, between 50 and 500 ppb, 
putting in comparison these results with the literature. Dynamic tests were 
performed and after the film have reached the equilibrium in dry air (baseline 
impedance), NO2 was inserted into the sensor chamber until the equilibrium on the 
sensor surface. Then, NO2 was switched off and dry air was fluxed towards the 
sensor until a novel equilibrium between the sensor surface and the adsorbed 
species was reached.  
In Figure 25 the sensor response R (Zg/Zo) at different operating temperatures is 
reported for AC-ZnO and HT-ZnO sensors. 
 
Figure 25. Sensor response at different working T (50-250°C) upon 250 ppb NO2 
in dry air. 
 
In the next Table 6 the sensor response, response/recovery times at different T are 
illustrated for the AC-ZnO and HT-ZnO sensors. 
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Table 6. Sensor response, response and recovery times at different operational T 
in dry air and 250 ppb of NO2 for AC-ZnO and HT-ZnO sensors. 
Temperature 
(°C) 
R (AC-
ZnO) 
R (HT-
ZnO) 
τads 
AC-
ZnO 
(s) 
τads 
HT-
ZnO 
(s) 
τdes (s) τdes (s) 
50 3.11  
14.09 
 1,502 
404 12,034 5,099 
100 8.91 23.14 1,098 
361 
3,207 2,122 
150 22.84 46.73 652 
341 
788 451 
200 11.1 13.26 609 
236 
105 273 
250 2.96 5.3 289 
1,602 
24 106 
 
ZnO sensors behave as n-type semiconductors in the entire investigated temperature 
range. In fact, when AC-ZnO and HT-ZnO films were exposed to NO2, the 
impedance and resistance increased after an electron removal from the CB of ZnO. 
Considering the sensor response R (Zg/Z0), it is maximum at 150°C with the typical 
gaussian trend for both sensors. In all cases, τdes decrease when increasing the 
operating temperature, as expected. Furthermore, the kinetic of adsorption follows 
a comparable trend, excepting HT-ZnO at higher temperatures than 150°C. In fact, 
when the hydrothermal synthetized ZnO is exposed to NO2 at 200°C, the adorption 
become slower compared to 150°C probably because of the competition between 
adsorption and desorption processes at the same time. Impedance variations upon 
different nitrogen dioxide concentrations (50-500 ppb) at 150°C are displayed in 
Figure 26. 
 
 
Figure 26. Impedance variations upon different NO2 concentrations exposure (50-
500 ppb) at 225°C. 
 
Comparing the sensor performances under 250 ppb of NO2 in dry conditions, the 
HT-ZnO shows a higher sensor response with respect to nitrogen dioxide (R: 46.73 
vs 22.84) and a quicker response and recovery (τads/ τdes respectively of 341 and 
451) compared to AC-ZnO sensor (652 and 788 s, respectively). This is probably a 
result of the higher surface area (19.6 vs 15.4 m2/g) and of the smaller agglomerates 
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of the flower-like ZnO hydrothermally prepared confirmed by laser granulometry 
and FESEM investigations. Moreover, in accordance with Korotcenkov [99], the 
rate of sensor response towards oxidant species like O3 and NO2 increases by 
increasing the pore size.  
In fact, from N2 adsorption measurement, the average pore size was 4 times higher 
for the HT-ZnO than for the AC-ZnO. 
The calibration curves are presented in Figure 27. 
 
 
Figure 27. Calibration curves of AC-ZnO (black) and HT-ZnO (blue) sensors. 
 
AC-ZnO exhibits a sigmoidal trend in the investigated concentration range, with a 
quasi-saturation for concentrations higher than 100 ppb, whereas the HT-ZnO 
shows an enhanced sensitivity with respect to NO2, and in agreement with the 
IUPAC definition, the sensitivity is determinable from the slope of the curve 
R=f([NO2]). The sensor response of the HT-ZnO device follows a calibration curve 
described by y=a+bxc in the 50-500 ppb range of nitrogen dioxide 
concentration(R2=0.956) and the sensitivity is 0.094 ppb-1. 
Since selectivity is essential for environmental monitoring, cross-sensitivity 
measurements were performed at the best operational temperature of 150°C. For 
this reason, variations in film impedance were measured upon different gases. CH4 
100 ppm, CO2 500 ppm, O3 200 ppb, RH 50%, N2O 15 ppm and NH3 50 ppm were 
introduced into the sensor chamber and results are presented in Figure 28.  
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Figure 28. Cross-sensitivity test of AC-ZnO (black) and HT-ZnO (blue) sensors. 
 
Generally, HT-ZnO sensor exhibits an enhanced selectivity for nitrogen dioxide 
detection than AC-ZnO one. In particular, the sensor response towards O3 is 
comparable with that one for NO2 in the case of AC-ZnO, whereas HT-ZnO sensor 
response is almost double for NO2 250 ppb than for O3 200 ppb. However, humidity 
interference is higher for HT-ZnO than for AC-ZnO (R: 1.94 and 1.63, 
respectively). 
Since only few studies have reported sensitivity of ZnO sensors for NO2 at low T, 
in Table 7 results of this work are confronted with similar studies. 
 
Table 7. Comparison of the NO2 sensing performances of ZnO films working at 
low T. 
Morphology Synthesis method 
NO2 
concentration 
(ppm) 
Sensor 
response 
(R=Rg/Ro) 
Operating 
temperature 
(°C) 
τads (s) 
 
τdes (s) Reference 
 
Nanopetals Chemical 
precipitation 
20 119 25 85 103 [100]  
Nanowalls Solution route 5 6.54 25 23 11 [101]  
PH3HT-ZnO Spin coating 50 1.8 25 n.d n.d. [102]  
ZnO 
nanorods 
Hydrothermal  0.1 1.24 100   [103]  
ZnO film Ion layer 
adsorption and 
reaction 
(SILAR) 
10 1.01 150   [104]  
ZnO glass-
ceramic 
Melt quenching 1 ppm 17 150 5 min e 
10 s 
n.d. [105]  
Desert rose Hydrothermal 0.25 46.73 150 341 451 This work  
Rectangular-
romboedric 
shape 
Sol-gel 
autocombustion 
0.25 22.84 150 652 788 This work  
NB: n.d. = not determined. 
 
Comparing the present work with the state of art regarding low-temperature ZnO 
sensors for NO2, AC-ZnO and HT-ZnO sensors’ response and recovery times are 
longer, even though a noticeable increase in the sensor response at sub-ppm level 
was attained. 
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The optimum operating temperature is on the boundary between the molecular-
oxygen region (at T<150°C) and the ionic species (at T>150°C) [106]. 
These species form a depletion layer at the surface of AC-ZnO and HT-ZnO oxide 
due to electrons trapping [107,108]. 
The measured impedances’ variations are caused by direct chemisorption process 
of NO2 molecules without involving the reaction with oxygen species [109]. 
A known series of reactions that form nitrates and nitrites is described in [110]: in 
this process, NO2 reacts firstly at the oxygen vacancy (forming nitrites, NO2-) and 
only then it participates in the formation of nitrates (NO3-) after reaction with O2-. 
Electrons from the CB of ZnO are trapped while surface species are generated, but 
not during the oxidation from nitrites to nitrates. 
After the formation of nitrates, a further equilibrium is reached, for the dissociation 
of nitrates to NO. Since the impedance and resistance increased upon exposure to 
50-500 ppb of NO2, the detection mechanism can be attributed to the as-described 
reactions.  
 
7.3 Conclusions 
 
In this chapter, Co3O4 and ZnO thick film sensors were successfully realized 
respectively for ammonia and nitrogen dioxide detection. The nanocrystalline 
Co3O4 was obtained by solution combustion synthesis (SCS) and adopted as NH3 
sensitive metal oxide. Sensors were realized by screen-printing the sensitive 
element on α-alumina substrates with Pt interdigitated electrodes and fired at 700°C 
for 1 h in air. Best performances were achieved at 225°C, with sensor response R 
(Zg/Z0) of 1.83 upon 50 ppm of NH3 exposure and 10% of Z variation upon 1 ppm 
of NH3 exposure in dry conditions. Sensors are still sensitive towards 1 ppm of NH3 
in strongly humid conditions (90-99% RH). For this reason, and for the superior 
selectivity of the as-prepared sensor, this device can find application in breath 
analysis, as well as for environmental monitoring. 
The sensing properties towards NO2 were studied for two different ZnO 
nanostructures. One was obtained by auto-combustion sol-gel route, and the other 
one by hydrothermal process, resulting in ZnO flower-like microstructures with 
enhanced specific surface area respect to the sol-gel powders. 
Both ZnO were obtained by easy, reproducible and cheap processes, thus resulting 
in wurtzite-like crystalline nanostructures as verified by accurated morphological 
investigation. Best results for nitrogen dioxide detection were reached at 150°C, 
and by increasing specific surface area of the nanopowder, an enhanced sensor 
response towards NO2 was obtained. 
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ZnO 
Zinc oxide 
synthetized by 
auto-
combustion 
sol-gel route 
Zinc 
oxide 
synthetized 
by 
hydrothermal 
route 
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General Conclusions 
In this PhD thesis, different solutions for ozone environmental monitoring were 
presented. The ozone concentration in the troposphere is a huge issue because of its 
dangerous effects on the human health. The analyitical techniques present in the 
market are expensive and they require technicians able to use the proper analytical 
instrumentation. For this reason, reserachers’s interest on chemical sensors is 
growing. Chemical sensors possess peculiar properties such as low cost, great 
reliability, the possibility to reuse them and to integrate them in portable electronics. 
They must fullfull requirement such as high sensitivity, long term stability and 
selectivity for the target gas. For this reason, during this thesis, novel ceramics and 
carbon-based materials (also produced from biochar) were proposed for ozone and 
its main interences monitoring: ammonia, humidity and nitrogen dioxide. A deep 
understandanding of the material properties in terms of morphology, crystallite and 
agglomeration size, presence of defects and electronic states was achieved. Those 
characteristics were correlated with the observed sensing phenomena. In the future, 
it will be possible to discriminate the contribution due to ozone in a real 
environment by means of an array of the proposed chemical gas sensors. 
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